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Abstract: 
 
Marine microbes produce a wide variety of metal binding organic ligands that regulate the 
solubility and availability of biologically important metals such as iron, copper, cobalt, and zinc. 
In marine environments where the availability of iron limits microbial growth and carbon 
fixation rates, the ability to access organically bound iron confers a competitive advantage. Thus, 
the compounds that microbes produced to acquire iron play an important role in biogeochemical 
carbon and metal cycling. However, the source, abundance, and identity of these compounds are 
poorly understood. To investigate these processes, sensitive methodologies were developed to 
gain a compound-specific window into marine iron speciation by combining trace metal clean 
sample collection and chromatography with inductively coupled plasma mass spectrometry (LC-
ICPMS) and electrospray ionization mass spectrometry (LC-ESIMS). Coupled with isotope 
pattern assisted search algorithms, these tools provide a means to quantify and isolate specific 
iron binding ligands from seawater and marine cultures, identify them based on their mass and 
fragmentation spectra, and investigate their metal binding kinetics. 
 
Using these techniques, we investigated the distribution and diversity of marine iron binding 
ligands. In cultures, LC-ICPMS-ESIMS was used to identify new members of siderophore 
classes produced by marine cyanobacteria and heterotrophic bacteria, including synechobactins 
and marinobactins. Applications to natural seawater samples from the Pacific Ocean revealed a 
wide diversity of both known and novel metal compounds that are linked to specific nutrient 
regimes. Ferrioxamines B, E, and G were identified in productive coastal waters near California 
and Peru, in oligotrophic waters of the North and South Pacific Gyre, and in association with 
zooplankton grazers. Siderophore concentrations were up to five-fold higher in iron-deficient 
offshore waters (9pM) and were dominated by amphibactins, amphiphilic siderophores that 
partition into cell membranes. Furthermore, synechobactins were detected within nepheloid 
layers along the continental shelf. These siderophores reflect adaptations that impact dissolved 
iron bioavailability and thus have important consequences for marine ecosystem community 
structures and primary productivity. The ability to map and characterize these compounds has 
opened new opportunities to better understand mechanisms that link metals with the microbes 
that use them. 
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Chapter 1: Review of iron speciation in seawater 
1.1 Introduction: 
 
Iron (Fe) is an essential micronutrient for nearly every organism in the ocean. It is at the heart of 
cellular machinery that carries out photosynthesis, oxic respiration, nitrate assimilation and 
nitrogen fixation [Bruland et al., 1991; Morel and Price, 2003; Morel et al., 2003; Leão et al., 
2007]. Cells must assimilate iron from their environment in order to meet their quotas, which 
typically range from 0.2-20 mM Fe per M phosphorus in marine plankton (P) [Ho et al., 2003; 
Twining and Baines, 2011]. Yet Fe is scarcely soluble in oxic waters. As a result, high 
concentrations of N and P persist in large regions of the surface ocean due to an insufficient 
supply of Fe, particularly where its input from dust deposition and upwelling are low [Boyd and 
Ellwood, 2010].  
 
In the late 1980’s, Martin and colleagues suggested that Fe is a major limiting nutrient for 
primary productivity in many regions of the ocean characterized by high nitrate and phosphate 
stocks [Martin and Fitzwater, 1988; Martin et al., 1990, 1991]. Shortly thereafter, their 
hypothesis was confirmed by a number of mesoscale Fe fertilization experiments that resulted in 
phytoplankton blooms, primarily dominated by fast growing diatoms [De Baar et al., 2005; Boyd 
et al., 2007]. These results were the first to demonstrate the biogeochemical importance of Fe in 
shaping the marine community composition and productivity [Martin et al., 1994; De Baar et al., 
2005; Jickells et al., 2005; Boyd et al., 2007]. Modeling results suggest that low Fe 
concentrations limit primary productivity in over one third of the global ocean [Moore et al., 
2002, 2004]. Furthermore, Fe exerts a primary control over nitrogen fixation, and thus has 
important consequences for the nitrate inventory of the ocean [Moore and Doney, 2007].  
 
Since the recognition of iron’s role as a micronutrient, it has been a central goal of chemical 
oceanography to develop better constraints on the sources and sinks of Fe across the ocean and 
incorporate this information into biogeochemical models of community composition and 
carbon/nutrient cycling. One of the greatest sources of uncertainty in these models has been the 
chemical speciation of Fe. Organic ligands are thought to dominate Fe speciation, yet despite 
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knowledge of their existence for over 20 years, the chemical structure of these compounds has 
remained poorly constrained. This thesis describes the development and application of novel 
methods for determining the chemical identity of Fe binding compounds in natural seawater. 
1.2 Sources and sinks of iron in the ocean: 
 
Measurements of Fe are typically partitioned into filterable size classes, which are operationally 
defined as soluble (which passes through a filter, typically <0.02 µm), colloidal (0.02µm – 
0.2µm), dissolved (<0.2 µm), and particulate (typically > 0.2 µm) forms [Boyd and Ellwood, 
2010]. The soluble class roughly approximates the concentration of Fe in truly dissolved organic 
ligands or inorganic species. Colloidal Fe includes organic aggregates, viruses, and small iron 
oxhydroxides, Particulate Fe includes detrital/biogenic particles and biomass. These forms 
undergo different rates of settling, scavenging, and biological uptake, and many processes 
govern dynamic exchange between them (described below). 
 
The primary sources and sinks of Fe have been determined by observing the distribution of Fe in 
dissolved/particulate phases and their isotopic compositions. Atmospheric deposition is 
considered the primary source to the surface ocean, contributing an estimated 0.5-2x1012 g 
Fe/year [Ussher et al., 2004; Moore and Braucher, 2008; Worsfold et al., 2014] and accounting 
for 71-87% of dissolved Fe in the North Atlantic Ocean [Conway and John, 2014]. Additional Fe 
enters the ocean from oxygenated or reducing sediments [Lohan and Bruland, 2008; Bundy et 
al., 2015a], riverine inputs, and hydrothermal vents [Yücel et al., 2011; Hawkes et al., 2013; 
Saito et al., 2013; Fitzsimmons et al., 2014a]. The highest concentrations of Fe are typically 
found near these sources, in some cases exceeding 4 nM [Tagliabue et al., 2012]. Oceanographic 
distributions of dissolved Fe are heavily influenced by both biological uptake and scavenging 
processes. Deep ocean concentrations of dissolved Fe are variable, generally ranging from 0.4 to 
0.8 nM and indicating a short residence time for Fe relative to ocean overturning circulation 
[Conway and John, 2014; Resing et al., 2015]. These concentrations reflect the balance of Fe 
addition through the remineralization of Fe-containing biomass at depth along with removal by 
scavenging onto sinking particles. Scavenging processes (adsorption, aggregation, and 
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precipitation) account for the loss of Fe from the system in particulate form and removal by 
burial in sediments [Bruland et al., 2013]. 
 
In the euphotic surface ocean (<200m), Fe concentrations are highly dynamic and the residence 
time of Fe is extremely short (<1yr) [Boyle et al., 2005; Fitzsimmons et al., 2015a; Hayes et al., 
2015]. The major sources of Fe to the sunlit ocean are atmospheric deposition or upwelling of 
Fe-rich deep waters. Intense biological utilization depletes dissolved Fe concentrations to below 
0.2 nM throughout most of the surface ocean.  
 
Colloidal Fe generally accounts for a significant fraction of dissolved Fe, ranging from 30-60% 
in most of the deep ocean, with higher values observed near major Fe sources such as coastal 
margins and hydrothermal vents [Boyd and Ellwood, 2010; Fitzsimmons et al., 2015b]. In the 
surface ocean, colloidal Fe also makes up a significant fraction of dissolved Fe in regions with 
high dust inputs (for example, 80±7% in the North Atlantic) compared with smaller percentages 
in low-dust regions (64±18% in the North Pacific Subtropical Gyre) [Fitzsimmons et al., 2015b].  
1.3 Iron speciation and iron ligands: 
 
Iron(III) is the thermodynamically favored form of Fe in oxic waters at seawater pH (8.2), and 
the dominant inorganic Fe species are Fe(OH)2+, Fe(OH)2+, and Fe(OH)30 [Turner et al., 1981]. 
Previous studies have demonstrated that the solubility of Fe(III) in artificial seawater is 
extremely low (~10 pM), due to precipitation as iron oxyhydroxides [Liu and Millero, 2002; 
Schlosser and Croot, 2009]. In natural seawater, however, Fe solubility typically exceeds 0.5 
nM, although the solubility is reduced after UV irradiation [Wu and Luther, 1995]. The high 
solubility of dissolved iron in natural seawater has been attributed to the stabilization of Fe(III) 
by naturally occurring organic ligands (Fig. 1.1). While these ligands maintain an elevated 
standing stock of Fe in the ocean, they also impact the ability of marine organisms to acquire that 
Fe [Hutchins et al., 1999]. The ability of marine microorganisms to access this organic pool of 
Fe offers a distinct competitive advantage. Thus, determining the organic speciation of dissolved 
Fe in the ocean and the Fe uptake strategies of microorganisms are critical for developing global 
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models that can accurately predict the distribution of microbial species and primary productivity 
in Fe-deficient regions. 
 
  
Figure 1.1: Schematic of iron cycling in the ocean.  Strong and weak organic ligands stabilize soluble iron and 
impact iron acquisition by the microbial community. 
 
 
The first measurements of the concentrations and binding strengths of organic Fe binding ligands 
in seawater were achieved with competitive ligand-exchange cathodic stripping voltammetry 
(CLE-CSV) measurements [Gledhill and van den Berg, 1994, 1995; Rue and Bruland, 1995; 
Gledhill and Buck, 2012]. Excess (i.e. unbound) ligand concentrations are common in most of 
the ocean except for near hydrothermal or benthic boundary Fe sources. These ligands are 
typically highest and most variable in the upper water column. Data from CLE-CSV 
measurements are often modeled as two classes of organic Fe ligands [Rue and Bruland, 1995, 
1997; Cullen et al., 2006; Buck and Bruland, 2007; Buck et al., 2007]. When this is done, a weak 
binding class (L2) is generally present throughout the water column at concentrations of ~1-2 
nM, while a strong binding class (L1) is found predominantly in the upper water column at 
concentrations of up to 0.5 nM (Fig. 1.2).  
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Figure 1.2: Representative depth profiles of total dissolved Fe [Fe]T, total strong ligand [L1]T, and total weak ligand 
[L2]T in the central North Pacific at station ALOHA [Rue and Bruland, 1995]. 
 
 
The highest concentrations of excess ligand are generally found in the chlorophyll maxima and 
are predominantly in the soluble (<0.02 µm) size class [Wu et al., 2001; Cullen et al., 2006; Boye 
et al., 2010; Thuróczy et al., 2010]. These observations have led to speculation that strong Fe 
ligands are biologically produced [Rue and Bruland, 1995]. More recently, competitive ligand-
exchange experiments with multiple analytical windows have been used to identify additional 
weaker ligand classes in coastal environments that were associated with terrestrial inputs. 
Overall, these results have suggested that Fe is predominantly complexed (>99%) by organic 
ligands in the ocean, although the identity, source, and fate of these ligands is still unknown. 
 
The cycling of Fe between organic and inorganic phases is governed by both biological and 
abiotic factors. As an adaptation to low environmental Fe concentrations, microbes have 
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developed a wide array of Fe uptake pathways [Morel et al., 2008]. The simplest are ABC 
transporters that actively import free Fe(III) or Fe(II) into cells. Other organisms, such as 
diatoms, combine an Fe reduction step at the cell surface followed by Fe(II) uptake [Maldonado 
and Price, 2001]. Still others, including many copiotrophic bacteria, utilize tonB dependent 
transporters to bring Fe-organic complexes directly into the cell, with varying levels of 
compound specificity [Ratledge and Dover, 2000; Wandersman and Delepelaire, 2004; Braun 
and Hantke, 2013]. Inside of the cell, Fe is primarily incorporated into heme cofactors, enzymes, 
and storage/transport proteins. These forms of Fe are released from cells upon death by viral 
lysis or grazing, and are either recycled back into the dissolved pool or packaged into sinking 
particles (e.g. fecal pellets). 
 
In the surface ocean, direct or indirect photochemical oxidation is a potentially important process 
that supplies free Fe(II) species [Miller and Zepp, 1995; Hansard et al., 2009]. This process is 
intimately linked to organic matter speciation – some organic compounds can increase the 
lability of Fe(III) to photochemical reduction while others inhibit it [Barbeau, 2006; Hopkinson 
and Barbeau, 2007]. The reoxidation of Fe(II) generally occurs rapidly (within minutes) in 
seawater, although Fe(III) binding organic ligands can catalyze the oxidation [Roy et al., 2008; 
Roy and Wells, 2011], while Fe(II) stabilizing organic ligands can decrease oxidation rates 
[Kieber et al., 2005; Willey et al., 2008]. Fe(II) is far more soluble than Fe(III), and under anoxic 
conditions it can accumulate to mM concentrations (such as anoxic sediments) [Lohan and 
Bruland, 2008].  
 
Abiotic scavenging processes also have a major impact on Fe cycling, similar to those that 
control thorium (Th). The conceptual model for removal by scavenging involves reversible 
adsorption to colloidal size particles and aggregation of colloids into larger sinking particles. 
These colloidal forms are poorly constrained and may include inorganic (oxide or oxyhydroxide 
phases) or organic phases (incorporation into humic substances, large acidic polysaccharides, or 
vesicles/viruses) [Wells and Goldberg, 1992; Wells et al., 1994]. Iron scavenging models have 
ranged in complexity from simple first order net loss rates to explicit representations of 
adsorption, desorption, aggregation, and sinking [Moore and Braucher, 2008]. Several studies 
have suggested that colloidal Fe in the surface ocean (potentially dust derived) is inert to ligand 
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exchange, at least over short timescales [Cullen et al., 2006; Fitzsimmons et al., 2014b], while Fe 
in the deep ocean appears to partition between colloidal and soluble phases, perhaps indicating a 
constant exchange between these pools following remineralization [Fitzsimmons et al., 2015a, 
2015b]. These differences may be attributed to either slow kinetics of Fe exchange between 
phases or to variability in ligand/colloid chemical properties. Improved characterization of the 
chemical nature of both soluble organic Fe binding ligands and colloidal Fe will shed light on 
these processes. 
 
1.4 Ligands in global iron models: 
 
Iron ligands are a key aspect of most biogeochemical models, and ligand sources/sinks are 
essential parameters that remain poorly constrained. Most ocean general circulation and 
biogeochemistry models assume a single ligand class with uniform concentration (typically 0.6 
nM). Other models have tied ligand concentration to dissolved organic carbon concentrations 
[Tagliabue and Völker, 2011], although this does not accurately reflect the distribution of ligands 
in the marine environment [Boyd and Tagliabue, 2015]. More recently, models have 
implemented prognostic ligands based on remineralization rates or apparent oxygen utilization 
[Misumi et al., 2013; Völker and Tagliabue, 2014]. To more accurately account for faster decay 
of labile ligands, ligand degradation rates have been tied to ligand concentration [Völker and 
Tagliabue, 2014]. All of these models represent ligands as a single compound class. Ecosystem 
models have also implemented iron ligands, typically as a fixed value, and assume that all Fe is 
equally available to all organisms [Follows et al., 2007; Dutkiewicz et al., 2012]. More 
sophisticated models that capture the dynamics of iron ligand production in the surface ocean 
require better constraints on the provenance of ligands and their fate/bioavailability. 
1.5 Sources and classes of iron ligands: 
 
The biogeochemical importance of Fe has sparked an interest in characterizing Fe binding 
organic compounds in seawater and determining the impact that these compounds have on 
microbial uptake. In terms of their chemical composition, marine ligands can be broadly 
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classified into two groups that differ by their chemical characteristics and formation pathway 
(Hertkorn et al., 2007). The first group is made up of chemically well-defined, discrete molecules 
that are synthesized by cellular machinery encoded in microbial genomes. These compounds 
often regulate Fe uptake and metabolism, and bind Fe very strongly and specifically (Morel et 
al., 2003; Wandersman and Delepelaire, 2004). Ligands that fall within this group can be 
resolved by chromatography and structurally elucidated.  When organic matter is altered by non-
directed biotic and abiotic process (e.g., redox reactions and photochemistry), it can become part 
of the second group of compounds: an ill-defined complex mixture of compounds with similar 
characteristics to humic substances. Because of their extreme chemical diversity, a fraction of 
these molecules contains functional groups that complex trace metals, sometimes with very 
strong stability constants (Hertkorn et al., 2006; Yang and Van den Berg, 2009). Examples of 
both groups have been detected in seawater (Mawji et al., 2008; Laglera et al., 2009, 2011), but 
their chemical variability and relative contribution to the ligand pool has not been investigated.  
 
Of the small well-defined biomolecules that bind Fe, siderophores have garnered the most 
interest from the marine community due to the similarity between siderophore Fe binding 
strengths and the binding strengths of strong marine ligands. Siderophores are strong Fe-binding 
organic chelators that are exuded by microbes under conditions of Fe scarcity to bind Fe. These 
compounds compete with ambient Fe ligands in the surrounding environment and complex it in a 
form that can be recognized and taken up by membrane bound receptors [Butler, 1998; 
Wandersman and Delepelaire, 2004; Hopkinson and Morel, 2009; Sandy and Butler, 2009].  
 
Many structurally diverse siderophores have been identified from marine bacteria in culture (see 
Fig. 1.3).  Often, they are amphiphilic compounds that contain a fatty acid tail linked to a 
peptidic head group. These compounds include the marinobactins, amphibactins, moanachelins, 
aquachelins, loihichelins, all of which bind Fe with three hydroxamate groups [Kanoh et al., 
2003; Holt et al., 2005; Martinez and Butler, 2007; Homann et al., 2009a; Zhang et al., 2009; 
Vraspir et al., 2011; Gauglitz and Butler, 2013]. Other marine amphiphilic siderophores include 
synechobactins and ochrobactins, which are mixed-mode compounds containing both citrate and 
two hydroxamate groups [Ito and Butler, 2005; Martin et al., 2006]. These amphiphilic 
compounds are able to partition into cell membranes, potentially providing a competitive 
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advantage in dilute aquatic environments where diffusive losses may be substantial [Xu et al., 
2002; Martinez et al., 2003; Martin et al., 2006; Martinez and Butler, 2007]. Numerous catechol 
based siderophores have also been characterized from laboratory cultures of marine bacteria, 
including petrobactin (which also contains citrate), alterobactins, pseudoalterobactins, 
amonabactin, vancrobactin, and anguibactin [Telford and Raymond, 1997; Homann et al., 2009b; 
Sandy et al., 2010]. The well-known group of tris-hydroxamate siderophores ferrioxamines B, E 
and G have also been observed from marine bacteria, as have the citrate-based siderophores 
aerobactin (a di-hydroxamate siderophore) and vibrioferrin [Martinez et al., 2001; Mawji et al., 
2011; Cordero et al., 2012].  
 
 
 
Figure 1.3: Chemical structure of siderophores with different iron binding functional groups isolated from marine 
bacterial cultures (after Sandy and Butler 2009). 
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The production of siderophores is relatively common among fast growing marine heterotrophs, 
but is thought to be rare in marine phytoplankton based on genomic screening. However, some 
‘cheater’ organisms are able to utilize siderophores by expressing genes for siderophore 
acquisition without producing the compounds themselves [Cordero et al., 2012; Malmstrom et 
al., 2013]. Putative siderophore transport genes have been identified in single cell genomes of 
Prochlorococcus from the HL III and HL IV clades living in low Fe environments, suggesting 
that siderophore-mediated uptake may be important for photoautotrophs in these regions 
[Malmstrom et al., 2013]. Furthermore, metagenomic surveys of genes involved in siderophore 
uptake appear to be common in low Fe regions of the ocean, although the corresponding 
siderophore synthesis genes have not been identified [Hopkinson and Barbeau, 2012; Toulza et 
al., 2012].  In other cases, microbes produce superoxides or rely on photochemistry to convert 
siderophore-bound Fe(III) into free Fe(II), which can be taken up [Barbeau et al., 2001, 2003; 
Kustka et al., 2005; Shaked et al., 2005; Salmon et al., 2006; Kranzler et al., 2011; Roe et al., 
2012]. Others ingest Fe-rich bacteria to fulfill their quotas [Maranger et al., 1998].  
 
Porphyrins, such as hemes, are another potential component of the soluble Fe pool. These 
compounds are cofactors in numerous enzymes that absorb light, transfer electrons, and bind to 
oxygen [Hogle et al., 2014]. Picomolar concentrations of heme have been detected in particulate 
material [Gledhill, 2007, 2014], and they are likely released into the water column by grazing. 
Some bacteria, such as Roseobacter possess heme uptake systems similar to those used for 
siderophores, which allows them to directly access heme-bound Fe released from dead cells [Roe 
et al., 2013]. This strategy is likely important for recycling Fe in the open ocean.  
 
The importance of structurally ill-defined ligands to the ligand pool has emerged in recent years. 
Some of the main components of marine dissolved organic carbon are carboxylic rich aliphatic 
compounds that result from the degradation of organic matter.  These compounds are thought to 
be a collection of primarily small (<600 Da) and extremely diverse chemical isomers [Hertkorn 
et al., 2006, 2007]. Thanks to the extreme structural variability of these compounds, a portion of 
these compounds may have strong affinity for metals by chance rather than by design. Other 
studies have characterized ‘humic-like’ organic ligands that can be detected using anodic 
stripping voltammetry to measure the reduction current produced by Fe bound to marine ligands 
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[Laglera et al., 2007; Laglera and van den Berg, 2009]. These studies have suggested that humic 
substances may complex the majority of dissolved Fe in the coastal and deep ocean [Laglera et 
al., 2011; Abualhaija et al., 2015; Bundy et al., 2015b]. However, other compounds in addition 
to marine or terrestrial humic substances may also be electrochemically active and thus the 
nature of these compounds remains unclear. 
 
Exopolysaccharides have also been suggested to play a major role in solubilizing Fe in the ocean 
and impacting its bioavailability. These macromolecules are important for biofilm formation and 
bacterial attachment, and often incorporate acidic sugars that are capable of complexing 
dissolved Fe. Studies by Hassler et al. have demonstrated that acidic exopolysaccharides reduce 
Fe binding to strong ligands and enhance bioavailability to marine phytoplankton, suggesting 
that polysaccharides may play a major role in Fe solubility and uptake in the surface ocean 
[Hassler et al., 2011a, 2011b, 2014; Norman et al., 2015], where exopolysaccharides may 
comprise up roughly 25% of the dissolved organic carbon [Repeta, 2015]. 
 
These intriguing thoughts on the potential chemical composition of marine ligands require 
verification from experiments that directly characterize the chemical structure of metal binding 
compounds in the marine environment. As a first step, the abundance, sources and sinks of 
biomolecules such as siderophores and heme must be determined.   
1.6 Identifying ligands in the marine environment: 
 
To inform biogeochemical models of Fe cycling, it is necessary to connect the laboratory-based 
characterization and environmental studies on ‘model compounds’ to Fe cycling in the 
environment, and this requires sensitive techniques for identifying the major Fe binding 
compounds that are present in natural seawater. Extremely low Fe concentrations combined with 
a highly diverse organic matrix make the chemical characterization of these compounds a 
formidable analytical challenge.  
 
To structurally characterize ligands in seawater, a preconcentration step is required to remove 
salt and concentrate the organic ligands. Preconcentration typically involves extraction onto a 
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solid resin phase, and many methods have been tested. Acidification to pH 2 yields the highest 
dissolved organic matter (DOM) extraction efficiencies by protonating functional groups with a 
low pKa (e.g. carboxylate) to form neutral species with higher affinity for the hydrophobic resin 
[Dittmar et al., 2008]. However, this method may hydrolyze labile bonds in many siderophores. 
Thus most studies have focused on the fraction of organic compounds that can be isolated by 
extraction at seawater pH. This approach works well for a range of known siderophores that have 
been isolated from marine bacterial cultures, including amphiphilic compounds and 
ferrioxamines. However, it likely fails to capture some siderophores that may be very polar or 
deprotonated and negatively charged at seawater pH, such as citrate and vibrioferrin [Loomis and 
Raymond, 1991; Gledhill and Buck, 2012].   
 
Once extracted, the chemical composition of Fe binding compounds has been investigated by 
coupling chromatographic separation of organic compounds with detection by mass 
spectrometry. Two complementary mass spectrometry methods have been used. Inductively 
coupled plasma mass spectrometry (ICPMS) provides a means to screen samples for the 
presence of organic-metal complexes. This approach has the major advantage that sensitivity is 
not dependent on the chemical species of the organic ligand and provides a quantitative 
measurement of each analyte [Lobiński et al., 2006]. However, it does not provide information 
on the species identity. Electrospray ionization mass spectrometry (ESIMS) has proven to be a 
useful complementary technique for determining the mass and fragmentation pattern of the 
metal-containing compounds and determining their chemical structure [Szpunar, 2005; 
Mounicou et al., 2009].  
 
The seminal work by Gledhill and colleagues laid the foundation for mass spectrometry based 
approaches by taking advantage of the similar ligand binding affinities of Fe and gallium (Ga) 
[McCormack et al., 2003; Gledhill et al., 2004; Mawji et al., 2008, 2011]. In these studies, they 
spiked organic extracts with excess gallium, acidified to pH < 3 to allow the Ga to swap into 
siderophores, and analyzed the sample by liquid chromatography mass spectrometry, first using 
LC-ICPMS to detect the Ga associated with the compounds. The resulting chromatograms 
yielded information on the number of organic metal ligands in a sample as well as their retention 
times and abundances (once calibrated with a standard curve). By coupling the same 
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chromatography with LC-ESIMS, they were able to identify masses that exhibited the distinctive 
Ga isotope pattern (69Ga:71Ga of 3:2).  Further validation of these masses was accomplished by 
looking for the apo or Fe forms of the compounds in samples that were not spiked with Ga. Early 
studies used this to investigate seawater glucose enrichments. The added carbon source fueled 
heterotrophic bacterial growth in these experiments and drove the system into Fe limited 
conditions [Gledhill et al., 2004; Mawji et al., 2011]. By generating target compounds in this 
manner, it was possible to identify several of the ligands in natural seawater as the tris-
hydroxamates ferrioxamine E and G [Mawji et al., 2008]. Further studies using carbon 
enrichments of natural seawater to stimulate heterotrophic production also detected amphibactins 
along with other compounds that were not identified.  
 
Another promising strategy for identifying siderophores in seawater is by detecting the distinct 
isotopic ratio of 54Fe:56Fe (0.056) with high resolution mass spectrometry. When Fe is 
incorporated into an organic compound, two isotopologues that reflect the mass difference and 
relative intensity of the major Fe isotopes are detected. This approach has been used successfully 
in culture to identify novel siderophores produced by the filamentous fungus Trichoderma and 
from the nitrogen fixing bacteria Azotobacter vinelandii [Lehner et al., 2013; Baars et al., 2014, 
2015]. Isotope-assisted screening has also been used to detect putative novel Fe binding 
siderophores directly from seawater extracts [Velasquez et al., 2011]. To validate masses of 
compounds detected by LC-ESIMS and avoid false assignments, some studies have coupled 
these analyses with rare isotopic labels of Fe and molybdenum (Mo) [Deicke et al., 2014]. 
Despite these advancements, only two compounds have been identified in natural seawater to 
date. Improved techniques with lower detection limits combined with computational data 
analysis approaches are needed to sift through the millions of compounds present in each liter of 
seawater and identify the fraction that can bind to iron. 
 
This thesis develops these mass spectrometry based approaches into a robust platform for the 
discovery of Fe binding ligands in seawater. The second chapter describes a trace metal clean 
LC-ICPMS method for the direct characterization of organic ligands in seawater. This technique 
overcomes issues with high background and isobaric interferences that have previously hindered 
sensitive detection of Fe with LC-ICPMS. Detecting Fe directly opens new avenues to 
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investigate labile ligands that hydrolyze upon acidification with the Ga method, and enables the 
quantification of ‘Fe bound’ versus ‘free’ ligand in the sample. The third chapter introduces a 
method for characterizing compounds detected by LC-ICPMS using ESIMS in combination with 
computer algorithms that align the spectra and search for Fe isotopic features in the ESIMS scans 
that match the retention time of Fe features in the LC-ICPMS data. Thanks to the superior 
detection/characterization limits of combined LC-ICPMS/ESIMS, these methods were capable of 
characterizing new members of the synechobactin suite. Chapters 4 and 5 discuss the application 
of this method to seawater, revealing distinct ligand compositions across nutrient regimes with 
ferrioxamines appearing in coastal and oligotrophic surface waters, amphibactins and novel 
siderophores linked to iron deficient high nutrient low chlorophyll waters, and synechobactins 
appearing in resuspended sediment layers near the benthic boundary. Finally, Chapter 6 
describes a novel method for measuring Fe exchange rates of individual compounds in a 
complex mixture, such as seawater, using isotopic exchange monitored by LC-ICPMS. This 
work highlights for the first time the widespread diversity of organic metal ligands across the 
ocean and provides fundamental insight into the specific molecular processes that impact iron 
cycling. 
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Chapter 2: Detection of iron ligands in seawater and marine cyanobacteria 
cultures by HPLC-ICP-MS 
 
Reproduced with permission from “Boiteau, R. M., Fitzsimmons, J. N., Repeta, D. J. & Boyle, 
E. A. Detection of iron ligands in seawater and marine cyanobacteria cultures by high-
performance liquid chromatography-inductively coupled plasma-mass spectrometry. Anal. 
Chem. 85, 4357–62 (2013).” Copyright 2013 American Chemical Society. 
Abstract: 
 
Organic ligands dominate the speciation of iron in the ocean. Little is known, however, about the 
chemical composition and distribution of these compounds. Here we describe a method to detect 
low concentrations of organic Fe ligands using reverse phase high-performance liquid 
chromatography (HPLC) tandem multi-collector inductively coupled plasma mass spectrometry 
(MC-ICP-MS). This technique can be used to screen seawater and marine cultures for target 
compounds that can be isolated and structurally characterized. Sensitive detection (<1 picomole 
Fe) is achieved by using an iron-free HPLC system to reduce background Fe levels, minimizing 
40Ar16O+ interferences on 56Fe with a hexapole collision cell, and introducing oxygen into the 
sample carrier gas to prevent the formation of reduced carbon deposits that decrease sensitivity. 
This method was tested with a chromatographic separation of five trace metal complexes that 
represent the polarity range likely found in seawater. Good separation was achieved with a 20 
min water/methanol gradient, although sensitivity decreased by a factor of two at high organic 
solvent concentrations. Finally, Fe ligand complexes were detected from the organic extract of 
surface South Pacific seawater and from culture media of the siderophore producing 
cyanobacteria Synechococcus sp. PCC 7002.  
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2.1 Introduction: 
 
Iron (Fe) is an essential micronutrient for marine microbes,[Bruland et al., 1991; Morel and 
Price, 2003; Morel et al., 2003; Leão et al., 2007] yet the concentrations of dissolved Fe in 
surface waters are low (0.02 nM to <1 nM).[Boyd and Ellwood, 2010] As a result, primary 
productivity and carbon export are limited by Fe in regions where the inputs from dust 
deposition and upwelling are scarce.[De Baar et al., 2005; Jickells et al., 2005; Boyd et al., 
2007] The solubility and bioavailability of iron and other trace metals such as cobalt, nickel, 
copper, zinc and cadmium in the ocean are regulated by organic ligands.[Vraspir and Butler, 
2009] Electrochemical measurements of bulk Fe(III) ligand concentration and binding strength 
suggest that this ligand pool ranges from 1-2nM and complexes over 99% of dissolved iron (Fe) 
in the ocean.[Rue and Bruland, 1995; Wu and Luther, 1995; Boye et al., 2001; Vraspir and 
Butler, 2009] However, the molecular structures, sources and fates of these ligands are currently 
unknown. 
 
The biogeochemical importance of organic ligands has sparked interest in developing sensitive, 
trace metal clean analytical methods that can be coupled with chromatography for the 
characterization of specific ligands. High pressure liquid chromatography (HPLC) tandem 
electrospray ionization mass spectrometry (HPLC-ESI-MS) has been used to characterize 
specific ligands from bulk organic samples. With this method, recent studies have detected 
putative Fe ligands in seawater by identifying compounds with distinctive metal isotope 
patterns.[McCormack et al., 2003; Gledhill et al., 2004; Mawji et al., 2008, 2011; Velasquez et 
al., 2011] MS/MS analysis of these compounds suggest that some are similar to hydroxamate 
siderophores, which are produced by microbes to facilitate Fe uptake under low Fe conditions.  
 
In this study, we present a complementary method for directly detecting the Fe associated with 
specific organic compounds by HPLC-tandem inductively coupled plasma mass spectrometry 
(ICP-MS). HPLC-ICP-MS offers universal detection of metal complexes in an organic extract 
sample with minimal sample manipulation and can simultaneously detect multiple metals in real 
time. With this technique, seawater samples can be rapidly screened to determine the number and 
relative polarities of low concentration metal ligand complexes. By splitting the flow eluting 
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from the HPLC column, Fe-ligand complexes can be detected in real time and recovered by 
fraction collection, allowing structural characterization by ESI-MS and other methods. Although 
HPLC-ICP-MS has previously been shown to provide rapid and sensitive detection of metal-
organic complexes from environmental samples (such as Ag, Cd, Cu, Mo, Ni, Pb, Tl, U, W, Zn 
and Zr),[Heumann et al., 1994; Rottmann and Heumann, 1994; Vogl and Heumann, 1997, 1998; 
Ammann, 2002; Lechtenfeld et al., 2011] monitoring Fe by HPLC-ICP-MS is complicated by 
high procedural blanks, isobaric argon oxide mass interferences in ICP-MS, and the very low 
concentrations of Fe in marine samples.[Harrington et al., 2001; Gledhill and Buck, 2012] 
 
The method described here employs several strategies for reducing 56Fe backgrounds and 
interferences to achieve sensitive, quantitative detection of Fe ligands. Low Fe blanks are 
achieved with the use of a bioinert titanium/peek HPLC system and distilled organic solvents. 
Secondly, a hexapole collision cell in the ICP-MS minimizes 40Ar16O+ interferences on 
56Fe.[Szpunar, 2004; Lee et al., 2011] Oxygen gas was introduced into the sample carrier gas to 
mitigate the formation of reduced carbon species that leave carbon deposits and degrade 
instrument performance.[Hutton, 1986; Hausler, 1987] We used this method to investigate Fe 
ligand production in seawater and in culture media of the siderophore-producing cyanobacteria 
Synechococcus PCC sp. 7002. These applications demonstrate the utility of HPLC-ICP-MS for 
rapidly screening seawater samples for the presence of low concentration Fe ligands. 
2.2 Methods:  
2.2.1 Materials, standards, and reagents:  
 
Ultra-high purity water (18.2 MΩ cm), Optima grade methanol (MeOH) and ammonium 
hydroxide (NH4OH) (Fisher scientific) were used in this study. For the analysis of standard 
compound sensitivity and low concentration (<1pM) naturally occurring ligands in seawater, the 
methanol was purified by sub boiling point distillation in a teflon still, which reduced Fe 
concentrations from 180 nM to 2 nM (as measured by ICP-MS).[Lee et al., 2011] Fe(III)-
ethylenediaminetetraacetic acid (Fe-EDTA) was obtained from Alfa Aesar as the monosodium 
salt. Ferric chloride (FeCl3*6H2O) was purchased from Fisher Scientific. Ferrioxamine E, 
desferrioxamine B (as deferoxamine mesylate salt), iron-free ferrichrome, Fe-heme (as hemin, 
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from porcine), cyano-cobalamin (vitamin B12), nutrient salts and vitamins for culture media were 
obtained from Sigma Aldrich. 
 
Stock solutions (250 µM) of the standard compounds were made within 24 hours of analysis and 
stored at 4°C. Solutions of Fe-EDTA, ferrioxamine E, and cobalamin were prepared in water. 
Ferrioxamine E and ferrichrome stock solutions were prepared as free ligands in water to which 
a 1 molar equivalent of freshly made 1mM FeCl3 solution was added. The Fe-heme solution was 
made by dissolving hemin in 1% NH4OH under ultrasonication for 10 minutes and then diluting 
to 0.1% NH4OH with H2O.  
 
Polytetrafluoroethylene (PTFE) or polycarbonate plastic ware was used for preparing standard 
solutions, culturing, seawater collection, and ligand extraction. Plastic ware was soaked 
overnight in 0.1% detergent (Citranox), rinsed 5x with H2O and then soaked in 1N HCl (J.T. 
Baker) for at least 2 days with final rinsing 5x with H2O. Polyethersulfone and polycarbonate 
membrane filters (0.2 µm) were soaked in 1N HCl overnight, rinsed once with pH 2 water, and 5 
times with H2O. All samples for HPLC-ICP-MS analysis were placed in 2 mL amber glass auto-
sampler vials or 250 µL vial inserts (Agilent). 
 
2.2.2 Standard separation and isocratic standard injections: 
 
Stock solutions of 250 µM Fe-EDTA, ferrioxamine E, ferrichrome, Fe-heme in 0.1% optima 
grade NH4OH, and cobalamin were combined and diluted to prepare six concentrations of a 
standard mixture: 5 µM, 2.5 µM, 1.25 µM, and 0.05 µM. These solutions were sequentially 
analyzed by HPLC-ICP-MS. Quantification of the ICP-MS signal was based on peak area.  
 
2.2.3 Isocratic standard injections: 
 
Solutions of 250 µM Fe-EDTA, ferrioxamine B, ferrioxamine E, ferrichrome, Fe-heme, and 
cobalamin were diluted to 5 µM in H2O, 50% MeOH in H2O, or 100% MeOH. 0.1% NH4OH 
was added to the 5 µM Fe-heme solution to prevent precipitation. In order to monitor the effect 
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of solvent on sensitivity, replicates of each solution were injected directly into the MC-ICP-MS 
without a column or flow splitter while pumping solvent with the same composition as the 
sample at a flow rate of 0.05 mL/min. Injections were repeated 2-4 times to evaluate 
reproducibility. After switching the solvent composition, it took 40 minutes for the ICP-MS 
signal to stabilize under the new conditions. Quantification of the ICP-MS signal was based on 
peak area and normalized to the peak area of Fe-EDTA in 100% H2O. 
 
2.2.4 Seawater and culture samples: 
 
To test the sensitivity of the HPLC-ICP-MS method, organic compounds were extracted and 
analyzed from seawater and a marine cyanobacteria culture. Seawater was collected with an air 
driven PTFE deck pump from 100 m in the South Pacific Subtropical Gyre (26°14.9’S, 
103°57.6’W; BiG-RAPA cruise, Nov 18 – Dec 14, 2010), filtered (0.2 µm), and stored in the 
dark at room temperature in an acid washed barrel. Duplicate twenty liter samples were 
transferred into acid cleaned carboys, and one sample was spiked with 10 pM of ferrichrome and 
ferrioxamine E to test the recovery and detection of siderophores with this method. The 
remaining seawater (100L) was extracted and analyzed for the presence of naturally occurring 
ligands. 
  
Synechococcus sp. PCC 7002 (75 mL) was grown under continuous light at 23°C in 
Trichodesmium media (3/4 Sargasso seawater diluted with 1/4 H2O containing 1.5 x 10-6 M 
EDTA, 8 x10-6 M phosphoric acid, 5 x10-8 M ferric citrate, 10-7 M MnSO4, 10-8 M ZnCl2, 10-8 M 
NaMoO4, 10-10 M CoCl2, 10-10 M NiCl2, 10-10 M NaSeO3, and 1.5 µg of cobalamin per 
liter)[Webb et al., 2001] plus 10-5 M HNO3. After seven days, three 1 L acid cleaned 
polycarbonate flasks containing 600 mL Trichodesmium media plus 10-5 M HNO3 without iron 
citrate were prepared. Two flasks were inoculated with equal amounts of the Synechococcus 
culture.  The third flask was incubated alongside without inoculation as a media blank. After 
seven days, the culture media was centrifuged and filtered through a 0.2 µm acid cleaned 
polycarbonate filter to remove the cells. The absence of heterotrophic contamination was 
confirmed using a marine purity broth (8 g MgSO4•7H2O, 1.5 g CaCl2•2H2O, 20 g NaCl, 17 g 
AC Difco broth per liter of H2O). 
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2.2.5 Solid phase organic extraction: 
 
The high salt concentration in seawater and marine culture media can interfere with ICP-MS 
analysis when salt crystals accumulate at the cone interface and reduce signal throughput 
(sensitivity). To prevent this as well as concentrate the sample, ligands were extracted from the 
filtered samples onto a polystyrene-divinylbenzene solid phase extraction column (Isolute, 
ENV+, Biotage). This resin was selected based on its ability to bind a range of strong Fe 
ligands.[McCormack et al., 2003]  
 
The columns were first rinsed with 5 mL of MeOH and 5 mL of H2O. Then, the organic 
compounds from seawaters samples were extracted on a 1 g column at a flow rate of 8 mL/min, 
while compounds from Synechococcus media and media blank were extracted on a 0.5 g column 
at a flow rate of 6 mL/min.  The columns were then rinsed with 25 mL H2O to remove salts, and 
eluted with 5 mL MeOH. To determine the procedural blank associated with the extraction 
process, a 1 g resin column was rinsed with 5 mL MeOH, 30 mL of H2O, and then eluted with 5 
mL of MeOH. The SPE eluent from all samples was dried under high purity N2. The residue was 
dissolved in 0.5 mL H2O and filtered through a 0.2µm polyvinylidene fluoride filter for analysis 
by HPLC-ICP-MS. All analyses were performed at least twice. 
 
To quantify the recoveries of ferrioxamine E and ferrichrome from seawater, a three point 
calibration curve was created by analyzing three standard solutions containing 1 µM, 0.5 µM and 
0.25 µM of ferrichrome and ferrioxamine E dissolved in H2O. Signal quantification was based 
on integrated peak areas from the HPLC-ICP-MS chromatogram. Coeluting organic carbon can 
potentially enhance the sensitivity of the ICP-MS towards Fe. To account for this matrix effect, 
we dissolved the solid phase extract from 20L of South Pacific seawater in a solution of 0.5µM 
ferrichrome and ferrioxamine E, and compared the ICP-MS response to the original (no 
dissolved extract) 0.5µM standard mixture. 
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2.2.6 High pressure liquid chromatography: 
 
HPLC separation was performed with a bioinert HPLC pump and auto-sampler (Agilent 1260 
series) along with titanium or PEEK (polyether ether ketone) tubing to reduce background Fe 
levels. Samples (20 µL volumes) were injected and separated on a PEEK C18 reverse-phase 
column (250 x 2.1 mm with 5 µm particle size for the Synechococcus sp. 7002 culture, 150 x 2.1 
mm with 3 µm particle size for all other analyses, Hamilton) at a flow rate of 0.2 mL/min. Iron 
binding ligands were separated using a 20 minute linear gradient from 100% H2O to 100% 
MeOH followed by a 10 minute isocratic elution with MeOH. We tested the effect of 0.1%, 
0.01% and 0.001% formic acid (optima grade, Fisher Scientific) on the chromatographic 
separation of the standard compounds. The addition of formic acid increased the Fe background 
and did not significantly change the retention times of the standards, so we chose to exclude it 
from our mobile phases. A post-column PEEK flow splitter and a micro-metering valve 
(Upchurch Scientific) diverted 25% of the eluent to the MC-ICP-MS and 75% to a UV-Vis diode 
array detector and fraction collection (Fig. 1).  
 
For the Synechococcus sp. PCC 7002 culture, the major Fe containing fractions were collected 
from five injections, dried under N2, dissolved in water, and analyzed by HPLC-ESI-MS 
(Agilent 6130 series) using the same column and solvent gradient described above. 
 
2.2.7 Interface between HPLC and ICP-MS: 
 
The use of organic solvents such as methanol can affect plasma stability, temperature, and shape 
and also promote the formation of reduced carbon species that interfere with ICP-MS sensitivity 
when they coat the cone interface. Three measures were taken to reduce the organic solvent 
interference: (1) lowering the flow rate entering the plasma to 50 µL/min, (2) desolvation of the 
sample aerosol to remove most of the organic solvent, (3) addition of oxygen into the plasma to 
promote complete combustion of organic solvents to carbon dioxide. Desolvation was induced 
using an APEX Q inlet system (Elemental Scientific, Inc.) with a 50 µL/min quartz Micromist 
nebulizer. A heated macroporous PTFE membrane desolvator (Spiro TMD, Elemental Scientific) 
was coupled to the APEX outlet to ensure that most of the solvent was removed before it entered 
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the plasma.  Organic solvent combustion and Fe detection were optimized at a 50 mL/min high 
purity O2 flow introduced post-Spiro TMD using a mass flow controller (Cole-Parmer).  
 
2.2.8 ICP-MS instrumentation: 
 
For trace metal analysis 55Mn, 56Fe and 59Co were determined simultaneously on Faraday cups 
on a multi-collector magnetic sector ICP-MS (GV/Micromass IsoProbe) as described 
previously.[Lee et al., 2011] The instrument was equipped with X-sampler and X-skimmer cones 
(Spectron Inc.). Platinum cones are preferred over Nickel cones because they require less 
frequent cleaning when using O2 in the plasma. A hexapole collision cell with Ar and H2 
collision gases was used to minimize 40Ar16O+ interferences on 56Fe and to thermalize the ion 
beam. Operating conditions are listed in Table 1.  
 
The ICP-MS was tuned daily with a 100 ppb Mn, Fe, Co and Ni solution dissolved in 0.2 N 
Vycor distilled HNO3 that was taken up by free aspiration with Teflon sipper tubing. 
Instrumental sensitivity was typically 2.0V for 56Fe and 3.55V for 59Co.  
2.3 Results and Discussion: 
2.3.1 Separation of standard compounds: 
 
To assess the chromatographic resolution, the limit of detection, and the linearity of the ICP-MS 
detector response, a mixture of 5 standard compounds was analyzed by HPLC-ICP-MS at four 
concentrations (100 pmol, 50 pmol, 25 pmol, and 1 pmol per 20 µL injection). The standard 
mixture was composed of four Fe complexes (Fe-EDTA, ferrichrome, ferrioxamine E, and Fe-
heme) and one cobalt complex (cobalamin) (Fig. 2). These compounds represent major classes of 
Fe ligands that may be present in seawater. 
 
These compounds were separated with a gradient from water to methanol over 20 minutes. This 
gradient resulted in good peak resolution with little tailing. Four distinct peaks appear in the 56Fe 
trace of the chromatogram (Fig. 2) with retention times of 2.1 min, 13.6 min, 15.2 min, and 26.5 
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min. These retention times correspond to Fe-EDTA, ferrichrome, ferrioxamine E, and Fe-heme 
respectively. A single peak appears in the 59Co trace at 14.6 min, corresponding to cobalamin. 
 
Minimum detectable signals of the HPLC-ICP-MS measurements were calculated as three 
standard deviations above the mean background signal from the H2O blank. For 56Fe, the 
minimum detectable signal was 3.5x104 cps. This is 4-32 times higher than the peak heights from 
1 pmol Fe-EDTA, ferrichrome, ferrioxamine E, and Fe-heme. In the case of 59Co, the limit was 
found to be 2.1x104 counts per second (cps), which is 31 times lower than the peak height from 1 
pmol cobalamin. Based on these results, the detection limit of this method is in the range of 30-
250 femtomoles for Fe and Co complexes. 
 
The ICP-MS signal for each standard compound varies linearly with standard concentration over 
the range of 1-100 pmol per 20 µL with R2 values > 0.99 (Table 2). The ICP-MS signal appears 
to decrease at later retention times, resulting in a lower sensitivity for Fe-Heme than for the other 
compounds. This suggests that solvent composition influences the ICP-MS sensitivity, as 
discussed below.  
 
2.3.2 Effects on ICP-MS sensitivity:  
 
To study the effect of solvent and organic ligand composition on the 56Fe and 59Co signal 
intensity during analysis, a series of standard compounds were injected directly into the ICP-MS 
with different mixtures of H2O/MeOH. The identity of the organic ligand appears to have little 
effect on the ICP-MS signal intensity. For each solvent condition, the mean ICPMS signal of 
each Fe compound deviates from the highest signal by 5 to 26%. These variations are small 
compared to the difference observed between the signal from the same compound in methanol 
versus water. In general, the ICP-MS signal decreased by a factor of two as the proportion of 
MeOH increased from 0 to 100% (Fig. 3). Since Fe-heme elutes in 100% MeOH, this solvent 
effect on sensitivity may explain why the response factor for Fe-heme is always smaller than 
other Fe-complexes. 
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There are several mechanisms that can explain this organic solvent effect. The nebulization and 
desolvation efficiency may vary for ligands in different solvents. Organics can also be a potential 
source of interferences or C+ ion modifiers that can affect signal intensity.[Allain et al., 1991; Al-
Ammar et al., 1999; Kralj and Veber, 2003; Hu et al., 2004] Finally, organic solvents can 
influence the atomization and ionization of the analytes by cooling the central channel of the 
plasma.[Hu et al., 2004] In culture and seawater extract samples, there is an additional organic 
matrix effect that enhances sensitivity, discussed below.  
 
2.3.3 Fe ligand detection from seawater: 
 
Previous studies have reported siderophore concentrations of 3-20 pM in seawater from the 
North Atlantic.[Mawji et al., 2008] To evaluate the detection of Fe Ligands present in this 
concentration range using HPLC-ICPMS, 20 L of South Pacific surface seawater were spiked 
with 10 pM of two hydroxamate siderophores. Organic compounds were then concentrated by 
solid phase extraction and brought up in 0.5 mL QH2O. The chromatogram of the extract 
containing the ferrichrome and ferrioxamine E spike contained two large peaks superimposed on 
the broad seawater background (Fig. 4a).  We found that the organic matrix of the seawater 
extract enhances the sensitivity of the ICP-MS. By measuring the ICP-MS signal of 5 µM 
ferrichrome and ferrioxamine E standards dissolved in H2O versus the same concentration 
dissolved in the seawater control extract, we calculated enhancement factors of 1.6 for 
ferrichrome and 1.5 for ferrioxamine E relative to the signal achieved in H2O. This may occur 
through charge transfer reactions between Fe and C+-species formed in the plasma from organic 
compounds that co-elute with the siderophores.[Allain et al., 1991; Al-Ammar et al., 1999; Kralj 
and Veber, 2003; Hu et al., 2004] Recoveries for ferrichrome and ferrioxamine E were 56% and 
74% respectively, which is consistent with previously reported hydroxamate siderophore 
recoveries after solid phase extraction.[McCormack et al., 2003]  
 
Other peaks also appear in the seawater sample between 10-20 minutes, suggesting the presence 
of a suite of naturally occurring Fe ligands at low concentrations. Analysis of the organic extract 
from South Pacific surface seawater with a longer gradient (0-50% methanol over 30 minutes) 
reveals the presence of four major and several minor naturally occurring ligands that elute 
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between 16 and 27 minutes (Fig 4b). Based on the calibration curves of the standard compounds, 
these peaks represent ligands that are present in seawater at 0.3 to 0.7 pM concentrations. 
  
2.3.4 Synechococcus sp. PCC 7002:  
 
To further demonstrate the utility of HPLC-ICP-MS for detecting multiple strong iron ligands 
that are naturally produced in seawater, we analyzed culture media from Synechococcus sp. PCC 
7002. Under low Fe conditions, this coastal cyanobacteria strain produces a suite of amphiphilic 
hydroxamate-type siderophores (synechobactin A-C) that have been previously isolated and 
structurally characterized.[Trick and Wilhelm, 1995; Wilhelm and Maxwell, 1996; Ito and Butler, 
2005] These synechobactins can be extracted from spent culture media and detected by HPLC-
ICP-MS. 
 
The chromatogram for the Synechococcus sp. PCC 7002 media extract shows three large peaks 
with retention times of 26.7 min, 23.3 min, and 18.7 min (Fig. 5, peaks f, h, and i). The fractions 
containing these peaks were collected and analyzed by HPLC-ESI-MS.  They yielded spectra 
with parent ions at masses that correspond to the Fe form of synechobactins A (C26H46N4O9Fe+ = 
614.3 m/z), B (C24H42N4O9Fe+ = 586.2), and C (C26H46N4O9Fe+ = 558.2) respectively.[Ito and 
Butler, 2005] In addition to the three major peaks, there is a small peak at 3.2 min (Fig. 5, peak 
a) that also appears in the blank media extract and which may correspond to uncomplexed Fe, 
Fe-EDTA or Fe-citrate used in the culture medium to buffer free ion concentrations, or from the 
ENV+ resin. There are also additional peaks with retention times at 21.0 min, 14.8 min, 11.58 
min, 10.58 min, and 9.37 min that indicate the presence of uncharacterized Fe ligands (Fig. 5, 
peaks b-e, g).  
 
The presence of uncharacterized Fe ligands in the HPLC-ICP-MS chromatograms of seawater 
and Synechococcus sp. PCC 7002 extract demonstrates the strength of this method for screening 
marine samples for Fe ligands. As in the original studies that characterized synechobactins A-C, 
siderophores are commonly detected in cell culture media using spectrophotometric tests such as 
the chrome azurol S assay, which has a detection limit of 2 nmol of free ligand.[Schwyn and 
Neilands, 1987; Hasegawa et al., 2004] Since HPLC-ICP-MS has a lower detection limit and 
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measures the complexed rather than free form of the ligand, this method can detect the presence 
of strong metal ligands that cannot be detected by spectrophotometric assays.  
2.4 Conclusions: 
 
The determination of Fe ligands in seawater requires a targeted approach to better understand 
ligand diversity and variability. As a first step to identify target complexes, HPLC-ICP-MS is 
ideal for rapidly screening seawater and marine cultures for the presence of distinct Fe ligands. 
While precise quantification based on this method is still hindered by sensitivity changes due to 
mobile phase composition and organic matrix effects, it is capable of estimating ligand 
concentrations within a factor of two. The major components can then be isolated and structural 
characterization with complimentary techniques such as ESI-MS analyses.  
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Figure 2.1: Schematic of high pressure liquid chromatography – inductively coupled plasma mass spectrometry 
(HPLC-ICP-MS) instrumentation and workflow. Compounds are separated by HPLC with a gradient from H2O to 
MeOH. Twenty five percent of the eluent from the HPLC column is nebulized, desolvated, and analyzed by ICP-
MS. Oxygen is added to the sample carrier gas before entering the ICP-MS to mitigate incomplete combustion of 
organic carbon in the plasma. 
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Table 2.1: Operating conditions for HPLC-ICP-
MS analysis.  
HPLC settings  
Mobile phase A H2O 
Mobile phase B MeOH 
Flow rate 0.2 mL/min 
Column  C18  
Injection Volume 20 µL 
ICP-MS settings   
Argon flow through APEX 3 L min-1 
APEX spray chamber temperature 140 °C 
APEX condensation temperature 2 °C 
Oxygen gas flow 50 mL min-1 
Forward power  1350 W 
Reflected power  <1 W 
Hexapole Ar gas flow  1.8 mL min-1 
Hexapole H2 gas flow  2.5 mL min-1 
Expansion pressure  3 x 10-1 mbar 
Hexapole pressure  4 x 10-4 mbar 
Analyzer pressure  2 x 10-7 mbar 
Nebulizer gas flow  0.7 L min-1 
Cool gas flow  14 L min-1 
Aux. gas flow  1.0 L min-1 
Integration time 2 sec 
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Figure 2.2: Separation of Fe-EDTA, ferrichrome, cobalamin, ferrioxamine E, Fe-heme (25 pmol) by HPLC-ICP-
MS. ICP-MS signal is in detector counts per second (cps). The chromatography gives sharp, well-resolved peaks for 
each standard compound with little tailing. There is some loss of signal intensity with increasing mobile phase 
methanol content.  
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Table 2.2: Retention time, linear sensitivity, and 
correlation coefficient of standard compound 
concentration vs. ICP-MS signal 
Compound Retention 
time (min) 
Sensitivity (1012 
cps*min*M-1) 
R2 
Fe-EDTA 2.1 3.1 ± 0.2 0.990 
Ferrichrome 13.6 3.3 ± 0.06 0.999 
Ferrioxamine E 15.2 3.4 ± 0.1 0.998 
Fe-heme 26.5 2.5 ± 0.2 0.987 
Cobalamin 14.6 4.0 ± 0.09 0.999 
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Figure 2.3: Effect of solvent composition on ICP-MS signal from 100 pmol of six standard compounds. Error bars 
represent ± 1σ. The trace metal response factor decreases by two-fold as the proportion of MeOH increases from 0-
100%. 
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Figure 2.4: (A) Organic extract from 20L of South Pacific Seawater spiked with 10pM ferrichrome and 
ferrioxamine E was separated by HPLC with a gradient from 0-100% methanol over 20 minutes.  The two tall peaks 
between 10-20 minutes correspond to the added siderophores, while smaller peaks that are also present in the 
seawater control indicate naturally occurring Fe ligands. (B) To obtain better resolution of the naturally occurring 
ligands, the organic extract of 100L of South Pacific seawater was separated with a 0-50% methanol gradient over 
30 minutes. Trace metal clean distilled methanol was used for the separation in (B). The gray dashed lines highlight 
the regions containing major naturally occurring organic ligands. 
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Figure 2.5: Separation of organic extract from a Synechococcus sp. PCC 7002 culture. The 56Fe peaks f, h, and i 
correspond to the three Synechobactins previously characterized by Ito and Butler (2005).  The other peaks (b-e, g) 
indicate the existence of unidentified compounds produced under low Fe conditions. 
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Appendix 2.1 Characterization of iron binding ligands from Prochlorococcus 
 
Marine organisms produce a wide array of organic ligands with a strong affinity for iron. These 
ligands may serve many functions, including Fe transport, uptake, storage, and detoxification, 
and their release from cells is a significant source of the iron binding ligands found in seawater 
[Boye and van Den Berg, 2000; Sandy and Butler, 2009; Vraspir and Butler, 2009; Buck et al., 
2010; Gledhill and Buck, 2012]. Marine picocyanobacteria are of particular interest since they 
are the most abundant photosynthetic organisms on the planet and they dominate primary 
productivity in Fe limited regions. Any iron ligands produced by marine picocyanobacteria are 
likely to be important to marine iron cycling. However, iron binding ligands from the major 
marine cyanobacteria Prochlorococcus have not been characterized. 
 
Preliminary data using LC-ICPMS screening techniques indicates that most strains of 
Prochlorococcus tested thus far are capable of producing iron ligands (Fig. A2.1). The retention 
times of these compounds are variable, suggesting that strains may produce different ligand 
suites. In addition, iron ligands are absent from methanol extracts of Prochlorococcus cells, 
suggesting that they may be exuded rather than released from lysed cells. The production of 
these compounds does not appear to be linked to iron limitation (Figure A2.2), but rather scales 
with overall cell growth. These compounds were stable on frozen SPE columns (Biotage ENV+), 
but degraded within days upon elution in MeOH and storage at 4°C. Numerous attempts were 
made to purify the compounds for MS or NMR analysis but the compound instability remained 
an issue. Future work will focus on the determination of the compound masses by high resolution 
LC-ESIMS on a freshly eluted sample. These compounds were not detected in cultures of 
Synechococcus WH 8102. 
 
It is possible that the release of iron-binding compounds by Prochlorococcus may impact iron 
bioavailability. Estimates of uncomplexed iron concentrations in iron limited regions are often 
too low to possibly support the growth of these organisms [Morel et al., 2008; Thompson et al., 
2011], suggesting that they are able to access the organically complexed Fe dissolved in surface 
waters. Furthermore, several clades of Prochlorococcus, including Prochlorococcus 9202, 
possess Ton-dependent siderophore transporters that are upregulated under conditions of iron 
stress [Malmstrom et al., 2013]. Other studies have suggested that cyanobacteria may reduce free 
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iron from strong complexing ligands prior to uptake, although few Fe2+ transport genes are found 
in picocyanobacteria genomes [Hopkinson and Barbeau, 2012; Shaked and Lis, 2012]. Some 
unbound siderophores have been shown to prevent the growth of Synechococcus strains, 
possibly by interfering with reductive uptake mechanisms or by entering the cell and competing 
for Fe from essential enzymes [Lis and Shaked, 2009; Rivers, 2009; Shaked and Lis, 2012]. 
Furthermore, different Prochlorococcus strains have distinct responses to low iron 
concentrations, suggesting multiple adaptive strategies to iron stress (Fig A2.3). It has yet to be 
definitively shown whether organically complexed iron is accessible to marine 
picocyanobacteria. The results presented here provide preliminary evidence that the release of 
iron binding metabolites could potentially play a role. 
 
Methods: 
1L cultures of Prochlorococcus strains were grown at 20°C in Pro99 media in uv oxidized or 
solid phase extracted (ENV+ resin, Biotage) seawater (to remove dissolved organic compounds).  
Nutrient stocks were passed through cleaned Chelex-100 resin to remove metal contamination. 
Growth was monitored by fluorescence (ex440 em680) daily using a Bio-Tek Synergy HT plate 
reader.  During late-log growth (~7 days for most strains), the media was centrifuged to remove 
cells, filtered through a 0.2um sterivex polyethersulfone filter, and extracted onto an ENV+ resin 
column (1g, 6mL, Biotage). The columns were rinsed with qH2O to remove salts and compounds 
were eluted with 6mL MeOH. The methanol extract was concentrated under an N2 stream to 
1mL, and the resulting extract was analyzed by LC-ICPMS as described above.  
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Figure A2.1: Compilation of LC-ICPMS chromatograms of growth media extract from axenic 
Prochlorococcus cultures for 56Fe (top) and 59Co (bottom). Most strains produces two or more 
iron ligands (indicated by peaks). All strains also produce pseudocobalamin (large peak in 
bottom chromatogram, confirmed by LC-ESIMS, 672.776 m/z).  
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Figure A2.2: LC-ICPMS chromatograms of growth media extract from axenic Prochlorococcus 
AS9601 grown to late-log phase in media containing different iron concentrations. Abundance of 
the iron ligands scaled with culture fluorescence.   
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Figure A2.3: Growth curves for Prochlorococcus strains 9312, 9301, AS9601, and 9202. Lower 
added iron levels have a stronger negative effect on fluorescence levels of Prochlorococcus 9312 
and 9301 compared with AS9601 and 9202, suggesting that the latter strains may be better 
adapted to low iron conditions.  
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Chapter 3: An extended siderophore suite from Synechococcus sp. PCC 
7002 revealed by LC-ICPMS-ESIMS. 
Reproduced with permission from Metallomics, “Boiteau, R.M., Repeta, D.J., An extended 
siderophore suite from Synechococcus sp. PCC 7002 revealed by LC-ICPMS-ESIMS. 
Metallomics 7(5) 877-884.” Copyright 2014 Royal Society of Chemistry.  
 
Abstract  
 
Siderophores are thought to play an important role in iron cycling in the ocean, but relatively few 
marine siderophores have been identified. Sensitive, high throughput methods hold promise for 
expediting the discovery and characterization of new siderophores produced by marine microbes. 
We developed a methodology for siderophore characterization that combines liquid 
chromatography (LC) inductively coupled plasma mass spectrometry (ICPMS) with high 
resolution electrospray ionization mass spectrometry (ESIMS). To demonstrate this approach, we 
investigated siderophore production by the marine cyanobacteria Synechococcus sp. PCC 7002. 
Three hydroxamate siderophores, synechobactin A-C, have been previously isolated and 
characterized from this strain. These compounds consist of an iron binding head group attached 
to a fatty acid side chain of variable length (C12, C10, and C8 respectively). In this study, we 
detected six iron-containing compounds in Synechococcus sp. PCC 7002 media by LC-ICPMS. 
To identify the molecular ions of these siderophores, we aligned the chromatographic retention 
times of peaks from the LC-ICPMS chromatogram with features detected from LC-ESIMS 
spectra using an algorithm designed to recognize metal isotope patterns.  Three of these 
compounds corresponded to synechobactins A (614 m/z), B (586m/z), and C (558m/z). The MS2 
spectra of these compounds revealed diagnostic synechobactin fragmentation patterns which 
were used to confirm the identity of the three unknown compounds (600, 628, and 642 m/z) as 
new members of the synechobactin suite with side chain lengths of 11, 13, and 14 carbons. These 
results demonstrate the potential of combined LCMS techniques for the identification of novel 
iron-organic complexes. 
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3.1 Introduction: 
 
Iron availability can influence the biological productivity and ecosystem community composition 
of the ocean [Morel et al., 2003; De Baar et al., 2005; Moore and Doney, 2007; Sunda, 2012].  
In oxic seawater, dissolved iron (III) rapidly forms insoluble oxyhydroxides and precipitates 
from solution [Liu and Millero, 2002]. This poses a challenge to microbes that require iron for 
photosynthesis, nitrogen fixation, respiration, protection against oxidative stress, and other 
essential biological processes. In regions where available iron is scarce, microbes may gain a 
competitive advantage by producing siderophores; biomolecules that strongly and specifically 
complex iron in a form that can be recovered using dedicated membrane transporters [Braun and 
Killmann, 1999; Wandersman and Delepelaire, 2004].  
 
Isolating and identifying siderophores is important for understanding the competition for iron in 
regions of the ocean where iron scarcity exerts a selective pressure on the microbial community. 
Indeed, siderophores appear to be present at low concentrations in seawater collected from open 
ocean sites [Mawji et al., 2008b], and metagenomic analysis has suggested that siderophore 
production and uptake in the ocean may be common [Desai et al., 2012; Hopkinson and 
Barbeau, 2012; Toulza et al., 2012; Li et al., 2014].  Some siderophores have been discovered in 
the extracts of a number of marine bacteria grown in laboratory cultures [Butler, 2005].  
However their characterization in marine environmental samples remains a challenge due to their 
low concentrations.  Of the known marine siderophores, many are amphiphilic, consisting of a 
polar, iron-binding head group and a nonpolar fatty acid tail [Martinez et al., 2003; Martin et al., 
2006; Martinez and Butler, 2007; Homann et al., 2009; Vraspir et al., 2011; Gauglitz and Butler, 
2013], which may allow the siderophore to be tethered to the outer cell membrane or form 
micelles in an environment where free siderophores might otherwise diffuse away too quickly to 
facilitate iron uptake [Martinez et al., 2000; Xu et al., 2002]. It is common for amphiphilic 
siderophores to occur as homologous series with fatty acid tails that differ by CH2, such that a 
single bacteria may produce a suite of structurally related siderophores.  
 
Liquid chromatography (LC) coupled to mass spectrometry offers a sensitive, high throughput 
means of detecting and characterizing siderophores. Two complementary methods have been 
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used to detect organic-metal complexes: inductively coupled plasma mass spectrometry (ICPMS) 
and electrospray ionization mass spectrometry (ESIMS) [Lobiński et al., 2006; Mounicou et al., 
2009; Pedrero et al., 2012; Grevenstuk et al., 2013; Grillet et al., 2014]. In the case of ICPMS, 
as the metal complexes elute from the chromatography column, the metal is atomized and 
detected directly as the elemental ion.  This is a convenient method for sensitively detecting 
metal complexes and estimating their abundances in biological and environmental samples 
[Mawji et al., 2008b; Pröfrock and Prange, 2012; Boiteau et al., 2013; Clough et al., 2014; 
Lechtenfeld et al., 2014].  However, ICPMS provides no information on the structure of the 
organic complex. Electrospray ionization mass spectrometry (ESIMS) can be used to detect 
isotopologues of the intact metal complexes [Velasquez et al., 2011; Lehner et al., 2013; Baars et 
al., 2014; Deicke et al., 2014; Waska et al., 2015]. For metals such as iron that have multiple 
isotopes, computer algorithms can search LC-ESIMS mass spectra and identify features that 
match a metal’s characteristic isotope pattern [Lehner et al., 2013; Baars et al., 2014; Deicke et 
al., 2014]. Furthermore, ESI instruments capable of generating MS2 spectra of the parent ion can 
reveal diagnostic fragmentation patterns that facilitate compound identification. However, it is 
difficult to quantify organic-metal complexes using ESIMS, and search algorithms often miss 
isotopologues that occur in low abundance or report false positives due to isobaric interferences 
from co-eluting compounds [Keith-Roach, 2010]. 
 
We developed a methodology that combines both LCMS techniques and used it to investigate the 
production of siderophores by Synechococcus sp. PCC 7002 (Fig. 1). The metabolites produced 
by this fast growing model marine cyanobacteria have been the focus of numerous studies 
[Baran et al., 2010, 2011, 2013; McNeely et al., 2010; Bennette et al., 2011; Lanekoff et al., 
2013]. Synechococcus sp. PCC 7002 is known to produce a suite of three siderophores known as 
synechobactins A, B and C [Trick and Wilhelm, 1995; Wilhelm and Maxwell, 1996; Ito and 
Butler, 2005]. Synechobactins consist of a citrate head group attached to two 1,3-
diaminopropane moieties.  The terminal amines of the diaminopropane moieties are 
hydroxylated and one is linked to acetic acid while the other is linked to a fatty acid (Fig. 2).  
Synechobactins A-C differ by the carbon number of their fatty acid chains, with synechobactin A 
having octanoic acid (C8), B having decanoic acid (C10), and C having dodecanoic acid (C12) [Ito 
and Butler, 2005]. Additional iron complexes were later detected in the media of Synechococcus 
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sp. PCC 7002 with LC-ICPMS [Boiteau et al., 2013]. Here we report the improved separation of 
Synechococcus sp. PCC 7002 siderophores and the use of an isotope matching algorithm to 
assign parent ion masses to three previously undescribed complexes.  By comparing the MS2 
fragmentation spectra of known synechobactins to the unknown complexes, we were able to 
identify them as new members of the synechobactin family of siderophores. 
3.2 Experimental: 
3.2.1 Materials and reagents: 
 
Ultrahigh purity water (18.2 MΩ cm), and LCMS grade methanol (MeOH), ammonium formate, 
and formic acid (Optima, Fisher scientific) were used in this study. The methanol was further 
purified by sub-boiling-point distillation in a polytetrafluoroethylene (PTFE) still to reduce Fe 
contamination [Boiteau et al., 2013]. Nutrient salts and vitamins for culture media were obtained 
from Sigma Aldrich. Polycarbonate plastic bottles used for culturing and PTFE vials for sample 
storage were soaked overnight in 0.1% detergent (Citranox), rinsed 5x with H2O, and then 
soaked in 1 N hydrochloric acid (J.T. Baker) for 2 days followed by a final 5x rinse with H2O. 
PTFE and platinized silicone tubing (Cole Parmer) and tube adapters (Visiprep, Sigma Aldrich) 
used for solid phase extraction were cleaned by rinsing with 1 N HCl through the tubing for 12 
hrs followed by rinsing with H2O for another 12 hours using a peristaltic pump (Cole Parmer). 
All samples for LCMS analysis were placed in certified 2 mL amber glass autosampler vials or 
250 µL vial inserts (Agilent). 
3.2.2 Synechococcus sp. PCC 7002 culture: 
 
Cultures of Synechococcus sp. PCC 7002 were grown in polycarbonate bottles in continuous 
light at 23°C.  A 10 mL inoculum was used to inoculate 500mL of sterile SN medium 
[Waterbury et al., 1986] containing only 50 nM FeCl3*6H2O plus 1 µg/L cyanocobalamin. After 
seven days of growth, the culture media was centrifuged to remove cells, filtered (0.2 µm 
polyethersulfone sterivex, Millipore), and pumped through an ENV+ resin column (1 g, 6 mL, 
Biotage) at a flow rate of 10 mL/min. A 500 mL volume of sterile media was processed as a 
procedural blank to monitor contamination. The columns were rinsed with H2O to remove salts 
and eluted with 6 mL of distilled MeOH into PTFE vials. This organic extract was concentrated 
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to 0.5 mL by evaporation under a stream of nitrogen gas and stored in the dark at -20°C until 
analysis by LC-MS. Effort was made to minimize exposure of the sample to light and avoid 
photodegradation.  
3.2.3 Liquid chromatography: 
 
Organic extracts were separated using an Agilent 1260 series bioinert high pressure 
chromatography pump and autosampler fitted with a C18 column (Kinetex 2.1x100mm, 1.7 µm 
particle size) and polyetheretherketone (PEEK) tubing and connectors. The mobile phase 
consisted of (A) 5 mM aqueous ammonium formate or 0.1% formic acid in H2O (B) 5 mM 
ammonium formate or 0.1% formic acid in distilled MeOH.  Optimal separation and electrospray 
ionization were achieved using ammonium formate buffer and a 30 minute solvent gradient from 
5% to 100% B followed by a 10 minute isocratic elution in 100% B at a flow rate of 100 µL/min. 
A post column PEEK flow splitter directed 50% of the flow into the ICP-MS or ESI-MS. 
Reducing the flow entering the ICP-MS to 50 µL/min eliminated the need for post-column 
desolvation, even when eluting with 100% organic phase.  On the same column, 
chromatographic retention times were reproducible within 0.1 min over several months of 
analysis. 
3.2.4 LC-ICPMS conditions: 
 
The flow of the LC column was coupled directly to a quadrupole ICPMS (Thermo ICAPq) using 
a teflon STD micronebulizer (ESI) and a cyclonic spray chamber cooled to 0°C.  Oxygen gas 
was introduced to the plasma at 25 mL/min to combust organic solvents and buffers to CO2 
thereby preventing the formation of reduced carbon deposits that would otherwise accumulate on 
the cones. The ICPMS was equipped with platinum sampler and skimmer cones, and was tuned 
each day using an automated tuning feature and the ‘Tune B’ solution purchased from Thermo 
Scientific. 54Fe, 56Fe, 57Fe, and 59Co were monitored with an integration time of 0.05 seconds 
each. The instrument was run in KED mode with a He collision gas introduced at a rate of 4.2 
mL/min to minimize ArO+ interferences on 56Fe. 
3.2.5 LC-ESIMS conditions: 
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For LC-ESIMS analysis, the flow from the LC was coupled to a Thermo Scientific Orbitrap 
Fusion mass spectrometer equipped with a heated electrospray ionization source. ESI source 
parameters were set to a capillary voltage of 3500 V, sheath, auxiliary and sweep gas flow rates 
of 12, 6, and 2 (arbitrary units), and ion transfer tube and vaporizer temperatures of 300°C and 
75°C. MS1 scans were collected in high resolution (450K) positive and negative mode. High 
energy collision induced dissociation (HCD) MS2 spectra for the most abundant compounds in 
each orbitrap scan were collected simultaneously on the ion trap mass analyzer. Ions were 
trapped using quadrupole isolation of a ± 2 m/z mass window and were then fragmented using an 
HCD collision energy of 35%. For the six iron containing compounds investigated in this study, 
targeted high resolution MS2 spectra were collected with the orbitrap mass analyzer during a 
second analytical run to obtain accurate fragment masses.  
3.2.6 Data processing: 
 
The LC-ESIMS data was converted to mzXML file format (MSconvert, proteowizard) and iron 
isotopologue features were identified using a data-mining algorithm (script written in R using 
xcmsRaw class [Smith et al., 2006]). This algorithm searches through each ms scan and compiles 
a list of peak sets (retention time, masses, and intensities) that fit a specified isotope pattern. 
Both low tolerance and high tolerance (described below) peak ratio filters were used.  The 
compiled peak sets are then binned by mass in 0.01 m/z increments. Two criteria are used to 
automatically remove mass sets that result from instrumental noise rather than chromatographic 
peaks: (1) Mass sets that do not appear at least twice within a 10 second interval are discarded. 
(2) Mass sets that are found in 8 or more 30 second intervals are discarded if they do not contain 
any points above the intensity baseline. The baseline is calculated based on the maximum 
intensity points from each 30 second time interval.  The highest 25% of intensities are discarded, 
and the baseline is calculated as 3x the standard deviation plus the mean of the remaining values.  
 
The resulting mass list was manually curated by inspecting the extracted ion chromatograms 
(EICs) of the putative isotopologues.  A constant time offset was applied to the LC-ESIMS 
chromatogram in order to align the retention time of the cyanocobalamin [M+H]2+ peak (EIC of 
m/z = 678) with the cyanocobalamin 59Co peak at 20.7 min in the LC-ICPMS chromatogram.  
Iron-containing ions were considered valid if peaks in the EICs: (1) Have the same retention time 
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and peak shape compared to each other when the intensities are scaled relative to the expected 
isotope ratio. (2) Have the same retention time as the associated peak in the LC-ICPMS 
spectrum.   
3.3 Results and discussion 
3.3.1 LC-ICP-MS: 
 
Tandem LC-ICPMS enables rapid detection of metal organic complexes. Over the course of the 
chromatographic separation, siderophores elute from the column and enter the plasma where the 
iron is atomized, ionized, and detected by the mass spectrometer as 56Fe+. The chromatogram 
that results from this analysis indicates the retention time and abundance of each compound that 
contains iron.   
 
LC-ICPMS was used to detect iron-binding compounds extracted from Synechoccocus sp. PCC 
7002 culture (Fig. 3a). Chromatographic conditions were optimized to achieve baseline 
resolution of the compounds which appear as six distinct peaks of iron, with characteristic 
retention times of 29.4, 33.9, 35.8, 37.1, 38.5 and 39.6 minutes. This separation was achieved 
using a 30-minute gradient from 0-100% methanol using a 5 mM aqueous ammonium formate 
buffer. 
 
3.3.2 LC-ESIMS: 
 
While ICPMS provides information on the quantity and number of different ligands in the 
samples along with their retention times, ESIMS provides complimentary information on the 
parent ion mass and fragmentation pattern. Using the same chromatography as described above, 
the Synechococcus media extract was analyzed by LC-ESIMS. As a soft ionization technique, 
ESIMS measures the mass of the intact metal-ligand complexes. 
 
Samples were analyzed in both positive and negative ionization modes, with either 0.1% formic 
acid or 5 mM ammonium formate as a mobile phase buffer. For the previously characterized 
siderophores (synechobactins A, B, and C), the use of 5 mM ammonium formate in positive 
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mode resulted in the greatest parent ion signal intensity. The apo (metal-free) form of the 
siderophore was also detected under these conditions, although the intensity was <2% relative to 
the iron-bound form. When 0.1% formic acid was used in the mobile phase, the parent ion signal 
decreased by a factor of 10 and the apo form intensity was 8-11% relative to the iron-bound 
form. While the intensity ratio between a ligand and its complex in ESI MS spectra does not 
necessarily reflect concentration ratio as the two species may ionize differently in an ESI source, 
these results demonstrate that ammonium formate is a preferred buffer for detecting iron-bound 
hydroxamate siderophores such as synechobactins. 
 
To determine the masses of the three major unknown iron containing compounds, an R based 
algorithm was used to extract mass spectral features that matched the natural abundance pattern 
of iron stable isotopes.  Results were manually curated to determine which matches aligned with 
one of the six iron peaks detected by LC-ICPMS (Fig. 3). The choice of isotope pattern criteria 
balances flexibility and specificity.  Ideally, the selection criteria are flexible enough to account 
for imprecision in the instrumental measurement but specific enough to exclude other common 
isotope patterns and to reduce the risk of false positives that result from co-eluting ions or from 
instrumental noise that coincidentally match the specified isotope pattern. 
 
The algorithm used in this study searched each spectral scan for pairs of peaks with a mass 
difference of 1.995 m/z and a light/heavy intensity ratio of 0.06, corresponding to isotopologues 
containing 54Fe and 56Fe respectively. A mass window of ± 3 mDa was used to account for 
uncertainty in the accuracy of the orbitrap analyzer at 450,000 mass resolution. Since the 
uncertainty in the isotopologue intensity ratio depends on signal intensity, detecting low 
abundance isotope pairs requires a larger range in the intensity ratio criteria than is required for 
more abundant compounds.  When a narrow ratio window (0.06 ± 0.015) was used, 40 isotope 
pairs were identified by the algorithm and 17 of these peaks passed the manual curation step. 
Using a wide ratio window (0.06 ± 0.036), 92 isotope sets were initially identified, and 29 passed 
the manual curation step. The most abundant isotope pair found at each retention time was 
assigned as the parent ion (Fig. 3, Table 1). Other peak pairs corresponded to 13C isotopologues 
as well as adducts with other abundant coeluting compounds (a list is included in the 
supplementary information, Fig. SI-1, Table SI-1). 
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3.3.3 MS2 Fragmentation: 
 
 MS2 fragmentation patterns were used to structurally characterize the six synechobactins 
detected in this study (Fig. 4). Once the parent ion masses were assigned, the sample was 
reanalyzed by LC-ESIMS for targeted high resolution MS2 analysis. An isolation window of ±2 
m/z was used to retain the iron isotope patterns of fragments that contain iron. 
  
First, the characteristic fragmentation patterns of synechobactins A, B, and C (m/z 614.261, 
586.23, and 558.198) were determined. Structurally, synechobactins consists of an iron binding 
head group composed of citrate and two aminopropane moieties linked to a fatty acid or acetic 
acid. Most of the major fragments that were observed for the known synechobactins retain iron 
(based on the appearance of ions corresponding to the 54Fe and 56Fe isotopologues). The MS2 
analysis of all three synechobactins displayed a major fragment with neutral losses of 156.006 [-
C6H4O5], corresponding to cleavage at the amide linkage and loss of citrate (Fig. 5a). This 
fragmentation pattern is consistent with those of other citrate and hydroxamate based 
siderophores [Gledhill, 2001; Mawji et al., 2008a; Gauglitz et al., 2012]. Other major neutral 
mass losses correspond to fragmentation within the citrate head group including 46.006 [-
CH2O2], 113.996 [-C4H2O4], and 130.027 [-C5H6O4]. Several additional fragments indicate head 
group cleavages that result in the loss of one of the hydroxamate groups (Fig. 5b).  For 
synechobactin A, for instance, these fragments occur in pairs that differ by C10H20 (140.157 m/z), 
corresponding to the loss of the long fatty acid hydroxamate side chain (including fragments at 
206.035, 270.030, 288.040, 298.025, Fig. 4d) and the acetohydroxamate respectively (fragments 
at 346.191, 410.186, 428.198, and 438.181, Fig. 4d). MS2 spectra of the positive apo (iron free) 
ion of synechobactin A-B and the negative iron-bound ion of synechobactin A were also 
measured (supplementary information, Fig. SI-2). 
 
The fragmentation patterns of synechobactins A-C help in the interpretation of MS2 spectra of 
the three uncharacterized siderophores.  The mass difference between the unknown compounds 
and synechobactins A-C correspond to the addition or loss of (CH2)n (∆m/z = n*14). All three 
uncharacterized siderophores exhibit neutral losses that are characteristic of fragmentation of a 
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citrate head group including 46.006 [-CH2O2], 113.996 [-C4H2O4], 130.027 [-C5H6O4], and 
156.006 [-C6H4O5]. They also contain the 206.035, 270.030, 288.040, and 298.025 fragments 
that are attributed to cleavage across the citrate head group that retains the acetohydroxamate 
group.  Thus, these new compounds vary by the length of the fatty acid side chain, and 
correspond to the C13, C15, and C16 synechobactins.  
 
The MS2 spectra of the low abundance siderophores with m/z of 600.245 and 628.276 contain 
additional fragments from coeluting compounds (red masses, Fig. 4).  By obtaining off-peak 
MS2 scans from the interfering parent ions, we were able to identify the masses that arise from 
the interfering ion rather than the siderophore (supplementary information, Fig. SI-3).  
 
3.3.4 Connection to synechobactin biosynthesis: 
 
The six major compounds detected by LC-ICPMS were all identified as homologues of 
synechobactin A. A search for ions in the LC-ESIMS spectra that correspond to other 
synechobactin homologues revealed low intensity peaks that potentially correspond to C9-
synechobactin and C16-synechobactin, although the 54Fe isotopologues for both were below 
detection (supplementary information, Fig. SI-4). These results reveal that Synechococcus sp. 
PCC 7002 is capable of incorporating a wide range of fatty acids into the hydroxamate side chain 
of synechobactin. There appears to be a preference for an even number of carbons over odd 
carbon numbers. Additional synechobactins with longer hydrophobic side chains may have been 
present in the sample, but were not recovered from the extraction column by the methanol wash. 
 
Such a wide range of siderophores produced by Synechococcus sp. PCC 7002 suggests substrate 
flexibility for the enzymes involved in synechobactin biosynthesis. The operon responsible for 
synechobactin synthesis (SYNPCC7002_G0019-G0024) is located on a plasmid that is largely 
dedicated to the synthesis, uptake, and processing of these compounds, and these genes are 
upregulated in low iron conditions [Ludwig and Bryant, 2012]. Synechobactin synthesis appears 
to be similar to the synthesis of rhizobactin, which is structurally equivalent to synechobactin B 
(C10) with a trans double bond between carbons 2,3 of the fatty acid side chain (Fig. 2). The 
production of rhizobactin is thought to involve the synthesis of schizokinen, which contains two 
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acetohydroxamates [Mullis et al., 1971], followed by the replacement of one acetic acid with 2-
decenoic acid [Lynch et al., 2001]. It also is possible that Synecoccoccus sp. PCC 7002 uses 
schizokinen as an intermediate in synechobactin synthesis.  Indeed, in a culture of 
Synechococcus sp. PCC 7002 that was harvested at an earlier growth phase, an additional 
chromatographic 56Fe peak was observed [Boiteau et al., 2013] with m/z 474 that corresponds to 
schizokinen (supplementary information Fig. SI-5). A putative lipase that is encoded at the end 
of the synechobactin biosynthesis operon (SYNPCC7002_G0018) may be responsible for non-
specifically catalyzing the attachment of the fatty acid side chain to the synechobactin precursor. 
A better understanding of the metabolic pathways involved in catalyzing this reaction will help 
reveal how amphiphilic marine siderophores are produced, shed light on how this functionality 
evolved, and will improve our ability to search for amphiphilic siderophore biosynthetic 
potential in marine genomic/metagenomic libraries.  
3.4 Conclusions  
 
The methodology described here provides a means to confidently detect and determine the 
masses and MS2 spectra of even minor siderophores in a biological extract with no prior 
knowledge of the siderophores produced in a culture.  Common siderophore functional groups 
can have diagnostic fragmentation patterns that facilitate structural characterization of new 
siderophores, as illustrated in this study with the citrate head group fragmentation of the 
synechobactins. Using this approach, we were able to characterize three new synechobactins, and 
provide preliminary evidence for two additional homologues that may be present at very low 
concentrations. As MS2 libraries of known siderophores grow, our ability to characterize new 
siderophores based on high resolution mass spectrometry analysis will improve.  
 
The combination of LC-ICPMS and LC-ESIMS has the potential to increase the pace and depth 
of siderophore discovery. Looking ahead, this work represents a step towards the eventual goal 
of detecting and characterizing metal-binding organic compounds directly in environmental 
samples where they impact ecosystems and trace metal cycling.  Organic complexation is 
thought to largely control iron solubility and bioavailability in the ocean [Hunter and Boyd, 
2007; Gledhill and Buck, 2012; Kraemer et al., 2014], and understanding the speciation of iron is 
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critical for forecasting ecosystem changes in low iron regions of the ocean [Tagliabue et al., 
2009; Shi et al., 2010; Tagliabue and Völker, 2011]. The challenge of characterizing these 
marine iron binding molecules (including siderophores [Mawji et al., 2008b, 2011], heme 
[Gledhill, 2014; Hogle et al., 2014], polysaccharides [Hassler et al., 2011, 2014], and humic 
substances [Laglera and van den Berg, 2009; Yang and Van den Berg, 2009; Batchelli et al., 
2010; Laglera et al., 2011; Misumi et al., 2013; Bundy et al., 2015]) lies in their low 
concentrations (often sub-picomolar for a specific compound) within a very complex organic 
matrix. Methods such as the one described in this study have the potential to address these 
challenges and reveal the structural diversity of metal organic ligands in environmental samples. 
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Figure 3.1: Workflow for unknown iron compound identification by combined LC-ICPMS-
ESIMS. 
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 Figure 3.2: Chemical structure of the synechobactins and related compounds. The hydroxamate 
side chain (indicated by *) differentiates these compounds. 
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Figure 3.3: LC-MS chromatograms of Synechoccoccus sp. PCC 7002 media extract. (a) 56Fe 
LC-ICPMS chromatogram. The six labeled peaks correspond to siderophores produced by 
Synechococcus sp. PCC 7002 in this experiment (b) extracted ion chromatograms from positive 
mode LC-ESIMS runs. Blue lines correspond to the light iron isotopologue [M+54Fe3+-2H+] that 
were identified by the isotope algorithm, and orange lines correspond to the heavy iron 
isotopologue [M+56Fe3+-2H+]. The intensity of the heavy iron isotopologue has been scaled by 
the natural abundance ratio of 56Fe/54Fe (divided by 15.7) so that the isotopologues overlap. 
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Figure 3.4: Positive mode MS2 spectra of the six identified Fe containing compounds.  (a) C8-
Synechobactin, (b) C10-synechobactin, (c) C11-synechobactin (d) C12-synechobactin (e) C13-
synechobactin (f) C14-synechobactin. Red labels correspond to interferences from a coeluting ion 
(see supplementary information Figure 2). 
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Figure 3.5: Characteristic fragmentation patterns of Fe-synechobactins. (a) Major 
fragmentations that result in the loss of the citrate head group. (b) Example of fragment pair that 
results in the symmetric loss of the short and long hydroxamate side chains. 
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Table 3.1: Siderophores from Synechococcus sp. PCC 7002 
Monoisotopic m/z 
(56Fe form) 
Retention Time 
(min) 
Parent ion 
formula Compound I.D. 
    
558.198 29.4 C22H38O9N4Fe+ synechobactin C (C8)* 
    
572.214 31.9 C23H40O9N4Fe+ synechobactin C9† 
    
586.230 33.9 C24H42O9N4Fe+ synechobactin B (C10)* 
    
600.245 35.8 C25H44O9N4Fe+ synechobactin C11 
    
614.261 37.1 C26H46O9N4Fe+ synechobactin A (C12)* 
 
628.276 38.5 C27H48O9N4Fe+ synechobactin C13 
    
642.292 39.6 C28H50O9N4Fe+ synechobactin C14 
    
670.324 41.8 C30H54O9N4Fe+ synechobactin C16† 
 
 
*Previously described by Ito and Butler, 2005 
 
†Putative ID based on detection of 56Fe monoisotopic mass.  54Fe isotopologue and MS2 peaks were below detection 
limit. 
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Chapter 3 Supplementary Information: 
 
Figure SI-1a: Chromatograms and mass spectra from the major curated isotope pairs identified 
for each LC-ICPMS feature. (Top panel) 56Fe LC-ICPMS chromatogram. Dotted lines indicate 
the retention times of the six synechobactins. (Second panel) extracted ion chromatograms from 
positive mode LC-ESIMS runs. Blue lines correspond to the light iron isotopologue [M+54Fe3+-
2H+] that were identified by the isotope algorithm, and orange lines correspond to the heavy iron 
isotopologue [M+56Fe3+-2H+]. The intensity of the heavy iron isotopologue has been scaled by 
the natural abundance ratio of 56Fe/54Fe (divided by 15.7) so that the isotopologues overlap. 
(Third panel) extracted ion chromatograms of the Apo (iron free) monoisotopic m/z [M+H+]. 
(Bottom panel) MS1 spectra of the Fe-complex.  The red lines highlight the peaks 
corresponding to the 54Fe and 56Fe isotopologues that are plotted in the second panel.  The 
theoretical Fe isotope pattern (Mass M1-M2=1.995 m/z, Intensity M1/M2=15.7) for the ion pair is 
displayed as gray bars.  
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Figure SI-1b: Chromatograms and mass spectra from the major curated isotope pairs identified 
for each LC-ICPMS feature. Panels are the same are described in the legend for figure SI-1a. 
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Figure SI-1c: Chromatograms and mass spectra from the major curated isotope pairs identified 
for each LC-ICPMS feature. Panels are the same are described in the legend for figure SI-1a. 
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Figure SI-1d: Chromatograms and mass spectra from the major curated isotope pairs identified 
for each LC-ICPMS feature. Panels are the same are described in the legend for figure SI-1a. 
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Figure SI-1e: Chromatograms and mass spectra from the major curated isotope pairs identified 
for each LC-ICPMS feature. Panels are the same are described in the legend for figure SI-1a. 
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Figure SI-1f: Chromatograms and mass spectra from the major curated isotope pairs identified 
for each LC-ICPMS feature. Panels are the same are described in the legend for figure SI-1a. 
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Figure SI-2: (a-b) Top and middle panels show the positive mode MS2 spectra of apo (iron-free) 
form [M+H+] of synechobactin B and synechobactin A. (c) Bottom panel shows the negative 
mode MS2 spectra of the iron bound form of synechobactin A [M+56Fe-4H+]. Data was collected 
on the low mass resolution ion trap detector using an isolation window of ±2 m/z 
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Figure SI-3: EIC and MS2 spectra of interfering ions. The upper panel shows the extracted ion 
chromatogram (EIC) of synechobactins (a) C11 and (b) C13 in black and the EIC of the coeluting 
ion that interferes with the MS2 spectra in red.  The vertical dashed lines indicate the retention 
time at which MS2 spectra of the interfering ion (shown in the lower panel) was collected on the 
low mass resolution ion trap detector using an isolation window of ±2 m/z. The red labels in the 
lower panels correspond to the interfering MS2 ions that appear in the spectra in Figure 4 of the 
text. 
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Figure SI-4: Extracted ion chromatograms (EIC) of m/z 670.323 and 572.214, which correspond 
to the 56Fe monoisotopic mass [M+56Fe3+-2H+] of synechobactin C9 and synechobactin C16. 
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Figure SI-5: Schizokinen production by Synechococcus sp. PCC 7002. LC-MS 
chromatograms of Synechoccoccus sp. PCC 7002 media extract collected during a previous 
study (Boiteau et al., 2013). (a) 56Fe LC-ICPMS chromatogram. The peak at 10 minutes 
corresponds to schizokinen produced by Synechococcus sp PCC 7002 in this experiment (b) 
extracted ion chromatograms from positive mode LC-ESIMS run. The blue line correspond to 
the light iron isotopologue of schizokinen [M+54Fe3+-2H+] that were identified by the isotope 
algorithm, and the orange line corresponds to the heavy iron isotopologue [M+56Fe3+-2H+]. The 
intensity of the heavy iron isotopologue has been scaled by the natural abundance ratio of 
56Fe/54Fe (divided by 15.7) so that the isotopologues overlap. Compounds were separated with a 
20 minute chromatographic gradient from H2O to MeOH using 5 mM ammonium formate as a 
buffer and a 3 µm particle size 2.1x150 mm C18 column (Hamilton). 
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Table SI-1: Complete list of curated isotope pairs identified by algorithm 
Retention 
Time (min) 
54FeL  
[M+54Fe3
+-2H+] 
m/z 
Max 54FeL 
intensity 
(cps) 
56FeL 
[M+56Fe3
+-2H+] 
m/z 
Max 56FeL 
intensity 
(cps) 
Detected with  
narrow 
intensity ratio 
tolerance 
(±25%) ? 
29.3 556.203 15865 558.198 181282 Y 
29.3 557.206 2958 559.202 39739 Y 
33.9 584.235 128678 586.230 1922865 Y 
33.6 656.292 3707 658.287 66731 Y 
33.9 585.238 22767 587.234 560587 Y 
33.9 583.242 1075 585.238 26840 
 33.9 606.217 1255 608.211 25138 
 33.9 645.287 2925 647.282 31892 
 34.0 1140.502 1348 1142.499 20312 Y 
35.7 598.250 10117 600.245 232330 Y 
35.6 599.253 3057 601.249 31863 Y 
35.8 628.261 1122 630.256 22456 
 37.1 612.266 274030 614.261 4023540 Y 
37.1 613.270 66696 615.263 1588548 Y 
37.2 673.318 5209 675.314 84421 
 37.2 1213.593 7249 1215.588 107493 Y 
37.1 928.528 2713 930.523 35734 Y 
37.1 1196.565 10849 1198.561 179926 Y 
37.1 1197.570 6392 1199.564 103510 Y 
37.2 629.291 3316 631.287 51143 Y 
37.1 1214.596 4136 1216.592 66421 
 37.1 1225.521 5997 1227.515 76948 Y 
37.2 611.277 4396 613.270 52233 
 37.1 674.326 2953 676.321 43493 
 37.1 1243.603 1442 1245.599 14531 
 38.5 626.282 6402 628.276 62850 
 39.6 640.297 68580 642.292 1091913 Y 
39.5 701.350 1098 703.345 14075 
 39.6 641.301 20860 643.296 425004 
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Appendix 3 Marinobactins from Costa Rica Upwelling Dome heterotrophs 
 
The LC-ICPMS-ESIMS based siderophore screening method described in this chapter opens 
new opportunities for high throughput identification of siderophores produced by marine 
microbes in culture.  Such analyses will expand our understanding of the taxonomic groups that 
are capable of producing specific siderophores and expand our libraries of known siderophores.  
This work is necessary to connect the masses and fragmentation spectra of siderophores 
identified in the environment to specific compounds, biosynthetic genes, and eventually 
producers and consumers.  
 
To this end, we investigated siderophores produced by copiotrophic marine bacterial isolates 
from the iron-deficient Costa Rica Upwelling Dome. Currently, heterotrophic siderophores in 
seawater are typically identified by using the colorometric CAS assay to screen fractions of 
organic carbon that have been separated by HPLC, which requires nanomole quantities of 
unbound ligand [Schwyn and Neilands, 1987; Neilands and Nakamura, 1991]. The LC-ICPMS-
ESIMS pipeline requires smaller sample sizes and shorter screening times with a lower detection 
limit than CAS based methods for characterizing marine Fe ligands. 
 
The Webb laboratory at the University of Southern California has created a library of marine 
heterotrophs from the Costa Rica Upwelling Dome cruise in 2005. This site is characterized by 
seasonal upwelling of nutrient rich waters that results in enhanced primary productivity. While 
most upwelling regimes are dominated by fast-growing eukaryotes such as diatoms, the Costa 
Rica Upwelling Dome (CRUD) is characterized by high concentrations of the cyanobacteria 
Synechococcus, and thus provides a unique environment to study metal-organism interactions 
[Saito et al., 2005]. The isolated heterotroph strains have been sequenced and screened for 
siderophore production using the CAS assay, the Arnow test, and the Czaky assay. These 
colorimetric tests indicate the presence or absence of general iron ligands, catecholate, and 
hydroxamate siderophores respectively [Neilands and Nakamura, 1991]. The importance of 
siderophores in the Costa Rican Dome ecosystem is highlighted by the prevalence of siderophore 
producers: of 867 different heterotroph strains isolated from this environment, 340 were capable 
of making siderophores [Krey, 2008].   
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Of the 13 heterotrophic strains were analyzed, two strains (Alteromonas 2E5 and 
Pseudoalteromonas 2E11) were found to produce suites of marinobactins, amphiphilic 
hydroxamate siderophores originally identified in Marinobacter species strains DS40M6 and 
DS40M8 [Martinez et al., 2000] (Fig. A3.1). In addition to the four previously characterized 
marinobactins, we found two novel compounds that were putatively identified as unsaturated 
forms of marinobactin A. It is notable that Alteromonas 2E5 and Pseudoalteromonas 2E11 were 
collected from the same water mass in samples taken 2m apart. These findings expand the known 
producers of marinobactins and suggest that positive selection pressure for iron acquisition in the 
marine environment drives the horizontal gene transfer of marinobactin biosynthetic pathways. 
Future work will determine the sequence similarity between marinobactin biosynthetic gene 
clusters in Alteromonas 2E5 and Pseudoalteromonas 2E11, and will look for nearby elements 
involved in genetic transposition or integration. 
 
Methods: 
 
Heterotrophic strains were grown in artificial seawater media. To make the media, 25.95g NaCl, 
3g MgSO4*7H2O, 2g MgCl2*6H2O, 0.12g CaCl2*2H2O, and 10mL of 1M NH4Cl were added to 
400mL H2O. In a separate beaker, 0.8g K2HPO4 and 0.2g H2PO4 were added to 400mL H2O. The 
pH of both solutions was adjusted to pH 8 and the solutions were autoclaved. Once cooled, the 
solutions were combined. Sterile 0.5% glycerol was added as a carbon source, along with 800µL 
of Na2MO4*2H2O (0.03g/mL), a vitamin stock solution (40mg aminobenzoate, 10mg D-biotin, 
30mg folate, 10mg lipoate, 100mg nicotinate, 50mg Ca-D-pantothenate, 100mg pyridoxamine 
hiydroxochloride, 100mg thiamine hydrochloride, 50mg vitamin B12 per L, filter sterilized), a 
trace metal stock solution (2.86g H3BO3, 1.81g MnCl2*4H2O, 0.24g ZnSO4*7H2O, 0.075g 
CuSO4*5H2O, 0.0494g CaCl2*6H2O, 0.005g NiCl*6H2O per L), and 100µL of 1mM stock 
FeEDTA solution. 200mL cultures were grown in the Webb laboratory (courtesy of Chris 
Suffridge) and the cultures were centrifuged to remove cells, media was decanted into 50mL 
polypropylene tubes and frozen.  Prior to analysis, the samples were thawed and 25mL of media 
was filtered (0.2µm, supor polyether sulfone sterivex) and extracted through 0.5g C18 solid 
phase extraction columns (biotage), rinsed with qH2O, and eluted with 5mL MeOH. The extracts 
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were concentrated under an N2 stream and analyzed by LC-ICPMS as described above for the 
Synechococcus sp. PCC 7002 culture. 
 
 
 
 
Figure A3.1 Marinobactins identified from alteromonas 2E5. The LC-ICPMS chromatogram 
shows seven distinct iron peaks, and the masses of each peak were determined using the isotope 
searching algorithms described above. Extracted ion chromatograms for the 54Fe and 56Fe 
isotopologues [M+ Fe3+-2H+] are show, scaled by the natural abundance ratio of 56Fe/54Fe 
(divided by 15.7) so that the isotopologues overlap (left panel).  Masses correspond to the 
[M+56Fe3+-2H+] isotopologues. Corresponding marinobactin structures are show to the right. The 
structure of Marinobactin A’ was putatively identified based on exact mass. 
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Chapter 4: Siderophore-based microbial adaptations to iron scarcity across 
the eastern Pacific 
 
Authors:  Rene M. Boiteau1,2, Nicholas J. Hawco1,2, Daniel R. Mende3, Matthew R. McIlvin1, 
Peter N. Sedwick4, Mak A. Saito1, Edward F. Delong3, Daniel J. Repeta1 
 
1Department of Marine Chemistry and Geochemistry, Woods Hole Oceanographic Institution, 
Woods Hole, MA.  
2Department of Earth, Atmospheric, and Planetary Sciences, Massachusetts Institute of 
Technology, Cambridge, MA. 
3Center for Microbial Oceanography Research and Education, University of Hawaii at Manoa, 
Honolulu, HI. 
4Department of Ocean, Earth and Atmospheric Sciences, Old Dominion University, Norfolk, VA 
Abstract:  
 
Iron availability regulates microbial growth and ecosystem productivity in vast regions of the 
ocean [Boyd et al., 2007; Moore et al., 2013]. Nearly all dissolved iron is complexed to strong 
organic ligands [Gledhill and Buck, 2012]. As competition for iron intensifies, microbes face 
enormous selective pressure to develop effective strategies to take up and utilize this organically 
bound iron [Dutkiewicz et al., 2009]. However, the composition of organic ligands in seawater 
and their control over iron bioavailability is poorly understood. Here we show that siderophores 
are a dynamic component of the ligand pool across the iron-starved eastern Pacific. We detected 
twenty-seven distinct ligands, eleven of which could be identified as known or novel 
siderophores. Siderophore concentrations were five-fold higher in iron-deficient offshore waters 
(9pM) compared with coastal and oligotrophic waters, and were dominated by amphibactins, 
amphiphilic siderophores that partition into cell membranes. Amphibactins were replaced with 
lower concentrations (1-2pM) of hydrophilic ferrioxamine siderophores in coastal and 
oligotrophic regions. A survey of global ocean metagenomes revealed that amphibactin synthesis 
genes are also present in other major iron-starved regions. Our results show that production and 
uptake of amphiphilic siderophores that can be tethered to cell membranes to reduce diffusive 
loss to the environment is likely a widespread adaptation of microbial communities in iron-
limited regions of the ocean. These adaptations impact dissolved iron bioavailability and thus 
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have important consequences for marine ecosystem community structures and primary 
productivity. 
4.1 Main Text:  
 
Marine photosynthesis, respiration, and nitrogen fixation all depend on enzymes that require iron 
[Morel and Price, 2003], which is supplied to the ocean by continental weathering and deep sea 
hydrothermal activity[Boyd and Ellwood, 2010; Resing et al., 2015]. High biological demand in 
the sunlit portion of the marine water column, particularly in open ocean regions remote from 
continental inputs, can reduce dissolved iron (dFe) concentrations to  < 0.1nM [Boyd and 
Ellwood, 2010]. These regions are often characterized by high nutrient, low chlorophyll (HNLC) 
conditions because iron scarcity limits phytoplankton growth and prevents complete 
macronutrient utilization [Boyd et al., 2007]. Effectively all marine dFe is complexed by organic 
ligands of unknown source or composition. These compounds keep otherwise insoluble Fe(III) in 
solution, but may also change its bioavailability by impeding iron transport into cells [Gledhill 
and Buck, 2012].  
 
Electrochemical measurements have demonstrated that the strongest ligands in seawater have 
stability constants similar to siderophores, compounds exuded by microbes under iron stress to 
facilitate iron uptake [Gledhill and Buck, 2012]. Marine microbes synthesize a wide array of 
structurally diverse siderophores in laboratory cultures [Sandy and Butler, 2009] and 
metagenomic surveys hint that homologs to known siderophore uptake genes are common in 
iron-deficient ocean regions, even though siderophore biosynthesis genes themselves have not 
been found [Hopkinson and Barbeau, 2012; Toulza et al., 2012]. Siderophore production may be 
an important strategy to capture iron from the environment while preventing uptake by 
competitors. However, few siderophores have been directly observed in the environment [Mawji 
et al., 2008; Gledhill and Buck, 2012], and diffusive loss of siderophores makes them a 
potentially cost prohibitive means of iron acquisition [Völker and Wolf-Gladrow, 1999]. 
Alternative uptake mechanisms that reduce ligand-bound Fe(III) to bioavailable Fe(II) directly at 
the cell surface may be energetically favored in iron-poor HNLC regions, although their 
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effectiveness also depends on the speciation and reactivity of exogenous iron [Shaked and Lis, 
2012]. Insight into the viability of these different strategies lies within the iron-ligand pool.  
 
Characterizing extremely low concentrations of iron binding ligands within the complex mixture 
of organic compounds dissolved in seawater poses a formidable analytical challenge. We 
developed an approach that combines trace metal clean reverse phase liquid chromatography 
with inductively coupled plasma mass spectrometry (LC-ICPMS) and electrospray ionization 
mass spectrometry (LC-ESIMS), to identify major iron ligands across the eastern tropical South 
Pacific Ocean. This is one of the most productive regions in the world’s oceans, with high 
nutrient concentrations supplied by intense wind-driven upwelling along the coast (Fig. 4.1, 
coastal) [Bruland et al., 2005; Pennington et al., 2006]. As surface waters circulate westward, 
macronutrients and iron are drawn down by fast growing microplankton. Due to the low rates of 
atmospheric dust deposition in this region, dissolved iron is depleted relative to macronutrients 
[Hutchins et al., 2002; Bruland et al., 2005]. Chlorophyll levels drop, and the microbial 
community shifts to nanoplankton that can utilize the limited iron stocks more efficiently (Fig. 
4.1, HNLC). Eventually, nitrate and phosphate are also depleted and nanoplankton are succeeded 
by cyanobacteria and picoeukaryotes that can effectively compete for these macronutrients (Fig. 
4.1, oligotrophic). To investigate iron-binding ligands in these three ecosystems, we collected 
organic extracts from near-surface seawater during the 2013 US GEOTRACES Eastern Pacific 
Zonal Transect (EPZT) cruise (Fig. 4.1a). 
 
Twenty-seven unique iron-containing compounds were detected by LC-ICPMS across the six 
surface water samples (Table S4.1, Fig. S4.1). Using LC-ESIMS we identified the major 
compound eluting at 22.9 min as ferrioxamine B, an hydroxamate siderophore produced by both 
gram-positive and gram-negative bacteria including species of Actinomycetes and Vibrio (Fig. 
4.2) [Martinez et al., 2001]. The chromatograms also showed low concentrations of nonpolar 
siderophores eluting between 35-50 minutes (Fig. 4.2). Many of these were identified as 
amphibactins, a suite of amphiphilic siderophores composed of a peptidic head group with a fatty 
acid side chain of variable structure. Amphibactins have been reported in marine 
Gammaproteobacteria, and are produced by two non-ribosomal peptide synthetases [Martinez et 
al., 2003; Vraspir et al., 2011]. Finally, two major iron-organic compounds with monoisotopic 
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masses of 959.429, and 709.372 were also identified at 47.1 and 50.9 minutes respectively. 
These masses do not appear in a database of 367 known siderophores [Baars et al., 2014], 
suggesting that they are novel compounds. Tandem mass spectra (MS2) of the 959.429 m/z ion 
suggest a siderophore structurally related to amphibactins, containing the same iron-binding head 
group. 
 
There was a clear trend in the abundance of different siderophores across the three nutrient 
regimes. Hydrophilic siderophores with retention times between 18-28 minutes were most 
abundant in the coastal sample. While LC-ICPMS detects compounds that are complexed with 
iron, electrochemical approaches measure uncomplexed (iron-free) ligands, and ligands that 
exchange iron rapidly (typically 2-12 hours). Concentrations of these ligands often exceed dFe 
concentrations in marine surface waters [Gledhill and Buck, 2012]. To detect the presence of 
uncomplexed siderophores, we titrated samples with iron to saturate all strong ligands. In the 
coastal upwelling sample, no changes in iron-bound siderophore concentration were observed 
(Fig. 4.2), indicating that siderophores in this region were fully complexed with iron, consistent 
with the high ambient dissolved iron concentrations (0.15-1.1 nM, Fig. 4.1c). The elevated 
baseline observed upon iron addition is indicative of a large excess of chromatographically 
unresolved organic compounds that can act as weak iron binding ligands (Fig. 4.2a). These 
structurally ill-defined compounds were found at similar concentrations across all samples and 
are likely refractory degradation products that comprise the majority of dissolved organic carbon 
in the ocean [Abdulla et al., 2010; Bundy et al., 2015; Repeta, 2015]. 
 
In the HNLC sample, the siderophore composition changed dramatically. Hydrophilic 
siderophores were less abundant, whereas amphiphilic siderophores and overall siderophore 
concentration were five-fold higher. This coincided with a decrease in dFe to 0.06-0.2nM 
(average 0.15nM) and an increase in the abundance of uncomplexed siderophores, which here 
make up 40% of the total. Across the oligotrophic region, amphiphilic siderophore 
concentrations declined and hydrophilic siderophores returned. As with the HNLC regime, 
ambient dissolved iron concentrations are low (0.04-0.13nM) and a large fraction of siderophores 
(40-65%) is not complexed with iron. Since dFe is higher than total siderophore concentration 
(3-9 pM) in the HNLC and oligotrophic samples, the presence of a large fraction of iron-free 
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siderophores is notable. One explanation is that most dFe is tightly complexed by other strong 
ligands that can compete with siderophores for iron [Gledhill and Buck, 2012]. Alternatively, the 
ligand exchange kinetics of dFe may be slow relative to the exudation rate of iron-free 
siderophores. As a result, a significant proportion of the total siderophores in these low iron 
regions is available to enhance the dissolution of iron from detrital particulate phases or 
atmospheric dust [Rue and Bruland, 1997; Akafia et al., 2014]. 
 
The changes that we observed in siderophore composition across marine biomes reflect how 
microbes acquire iron under different ecological conditions. In iron starved regions of the ocean, 
the intense selection pressure drives the microbial community to more effectively take up iron 
[Maldonado et al., 2001]. Increased concentrations of amphibactins (and siderophores overall) in 
these areas are indicative of positive selection pressure driving a phenotypic shift in iron 
acquisition strategy. Thus, the ability to produce these compounds and to utilize iron bound to 
them confers a specific competitive advantage to microbes inhabiting the HNLC Eastern tropical 
pacific, which must compete for scarce iron resources. 
 
Differences in membrane affinity may explain why amphiphilic siderophores appear to be better 
adapted to iron-deficient niches compared to the more hydrophilic compounds. The lipid side-
chain of amphibactins can partition into cell membranes [Martinez et al., 2003]. This may reduce 
the risk of losing a metabolically expensive compound to diffusive loss in environments where 
iron is scarce. The prevalence of more hydrophilic siderophores in other regions of the ocean 
implies that the amphiphilic strategy comes at a cost – potentially linked to the weaker binding 
strength of peptidic amphiphilic siderophores [Barbeau et al., 2001] (unpublished data) 
compared to ferrioxamines [Rue and Bruland, 1995]. Siderophores also participate in a wide 
range of microbial interactions related to iron acquisition, including inhibition of competitors, 
symbioses and pirating, and chemical signaling [Amin et al., 2009; Sandy and Butler, 2009]. It is 
therefore likely that the siderophores detected across these gradients have important 
consequences for members of the microbial community beyond their producers by facilitating 
iron uptake to some organisms while inhibiting it to others.  
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Up to 90% of dFe uptake in iron-stressed regions is regenerated from the biotic pool by grazing 
and viral lysis of cells [Boyd et al., 2015]. Copiotrophic bacteria that feed on these lysates are a 
likely source of siderophores, which may provide an effective way for microbes to capture 
regenerated iron before it is scavenged by sinking particles. Indeed, the production of 
ferrioxamines and amphibactins by mixed marine bacterial communities is stimulated by 
amendments of glucose, glycerol, and chitin [Mawji et al., 2008, 2011]. Siderophores may also 
provide a source of bioavailable iron for phytoplankton expressing compatible uptake 
transporters acquired through horizontal gene transfer [Malmstrom et al., 2013]. Assuming a 
cellular iron to phosphorus (Fe:P) quota of 2-8mmol/mol [Twining et al., 2011] and Redfield 
cellular N:P (16:1), we estimate that microbes require ~5-25pM Fe per day to sustain the N 
uptake rate of ~ 50 nM per day characteristic of the eastern tropical South Pacific HNLC region 
[Dugdale and Wilkerson, 1991]. At 9pM total siderophore concentrations, daily cycling could 
transfer regenerated iron into siderophores and support much of the microbial community iron 
requirement.  
 
To complement our chemical analyses, we investigated the prevalence of amphibactin 
biosynthesis genes within ocean metagenomes. Although genes encoding siderophore uptake 
proteins are common in HNLC metagenomes, genes encoding siderophore biosynthesis have yet 
to be reported [Hopkinson and Barbeau, 2012; Toulza et al., 2012]. A pair of nonribosomal 
peptide synthetases (NRPS), ABO_2093 and ABO_2092, were recently implicated in the 
production of amphibactins by the Gammaproteobacteria Alcanivorax borkumensis [Kem et al., 
2014]. We identified similar NRPS genes in the genomes of numerous marine Vibrio, and 
confirmed amphibactin production by five additional NRPS sequence pairs through laboratory 
culture experiments (supplementary information). Using a strict similarity cutoff (>90% identity) 
we searched for these six amphibactin NRPS pairs within the Tara Ocean metagenomic 
catalogue [Sunagawa et al., 2015]. Homologs to both amphibactin biosynthesis genes were 
found along the upwelling regions near California and Chile where we measured amphibactins in 
this study (Fig 4.3, Figs. S4.7-8, Chapter 5). Amphibactin production genes were also present in 
the South Atlantic – another region where iron limitation has been observed [Moore et al., 2013] 
and where amphibactin production has been documented in nutrient enrichment experiments 
[Mawji et al., 2011]. Despite spatial and temporal differences in these data sets, there is broad 
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agreement between the regions where amphibactins and amphibactin synthesis genes were 
detected. Identifying these sequences in assembled genomes from HNLC environments will be 
the key to explicitly determine which organisms are responsible for producing amphibactins in 
the ocean. 
 
The changes in siderophore distributions and concentrations we measured across the eastern 
Pacific Ocean provide strong evidence that siderophores are an active and important component 
of microbial iron cycling. The ability to produce and assimilate siderophores likely contributes to 
the competitive success of microbes that inhabit HNLC regions.  Amphibactins dominated the 
siderophore distributions in HNLC areas of both the Eastern Tropical Pacific and CCS (Chapter 
5). However, many different amphiphilic siderophores have been identified in marine microbes 
[Sandy and Butler, 2009], and further surveys of other iron starved regions could reveal a 
broader suite of siderophores produced under different environmental conditions. Amphiphilic 
siderophores can be tethered to cell membranes [Martinez et al., 2003], raising questions about 
the energetic trade-offs that select for specific siderophores, the partitioning of siderophores 
between dissolved and particulate phases, and the availability of siderophores to the microbial 
community at large. Contrary to current biogeochemical models that assume a single ligand class 
[Dutkiewicz et al., 2009], our results show major differences in siderophore composition across 
major biomes. These compounds potentially affect rates of iron regeneration, dissolution, 
scavenging, and uptake. Unraveling the cycling of siderophores through combined chemical, 
genomic, and laboratory culture approaches is therefore an important element to understanding 
productivity in the iron-starved ocean. 
4.2 Methods: 
 
4.2.1 Materials and reagents: 
 
Ultra high purity water (18.2 MO cm, qH2O) and LCMS grade methanol (MeOH), ammonium 
formate, and formic acid (Optima, Fisher scientific) were used throughout this study. Methanol 
was purified to reduce Fe contamination by sub-boiling-point distillation in a 
polytetrafluoroethylene (PTFE) still. PTFE solid phase extraction (SPE) column hardware, and 
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sample vials were soaked overnight in 0.1% detergent (Citranox), rinsed with qH2O, and soaked 
for 1-2 days in 1N HCl (trace metal grade, Fisher Scientific), followed by a final qH2O rinse. 
Quartz evaporation flasks were combusted at 450oC and soaked in 1N HCl.  PTFE tubing and 
polyethersulfone capsule filters (0.2µm Millipore) used for sample collection were flushed 
thoroughly with 1% HCl and qH2O prior to use. Stock solutions of 50µM ferrioxamine and 
cyanocobalamin (Sigma Aldrich) were prepared in qH2O. An iron citrate stock solution was 
prepared as 1mM sodium citrate dihydrate and 100mM iron (diluted from a 1000ppm iron 
reference standard solution, Fisher chemical) in qH2O. For the isotope validation experiments, a 
2000ppm 57Fe enriched solution was prepared by dissolving 57Fe oxide (Cambridge Isotope 
Laboratories) in concentrated HCl.  This was diluted in a 1mM sodium citrate solution to make a 
4µM 57Fe stock solution. 
 
4.2.2 Sample collection and processing: 
 
The sample collection method used in this study was designed to minimize metal contamination 
and sample processing (e.g. pH changes) to preserve the iron-organic compounds intact. Trace-
metal clean filtered seawater was pumped by a tow-fish from 3m depth while transiting across 
the cruise track during the US GEOTRACES EPZT cruise (Table S4.2). Thus, each sample 
represents an integrated average signal across a wide region. Between 400-600L of seawater was 
filtered continuously at a flow rate of 250 mL/min and extracted through custom-made SPE 
columns packed with 20g ENV resin (Bondesil, Agilent). Immediately prior to sample 
collection, SPE columns were primed with distilled methanol, flushed with qH2O, acidified to 
pH 2 with dilute HCl, and finally rinsed with qH2O. Samples were stored at -20°C and returned 
to the laboratory for further analyses. Thawed SPE columns were rinsed with 500mL of qH2O, 
and organic ligands were eluted with 250mL of MeOH. Extracts were concentrated by rotary 
evaporation and the final volume was adjusted to 6mL with qH2O. Samples were stored at -20°C 
in PTFE vials. Aliquots (1mL) of each concentrated sample were removed and spiked with 20µL 
of 50µM cyanocobalamin (Sigma Aldrich) as an internal standard. A sample blank was also 
collected by pumping only 200mL of filtered seawater through an SPE column, which was 
frozen, processed, and analyzed with the six seawater samples. Nitrate, dissolved iron, and 
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pigment samples were collected and analyzed as described previously [Hooker et al., 2005; 
Hydes et al., 2010; Resing et al., 2015]. 
 
4.2.3 Liquid chromatography: 
 
Organic extracts were separated on an Agilent 1260 series bioinert high pressure liquid 
chromatography (HPLC) system fitted with a C8 column (Hamilton, 2.1x100mm, 3µm particle 
size) and polyetheretherketone (PEEK) tubing and connectors. Ligands were eluted with (A) 
5mM aqueous ammonium formate and (B) 5mM ammonium formate in distilled MeOH using a 
50 minute gradient from 10-90% B, followed by isocratic elution at 90% B for 10 minutes at a 
flow rate of 0.2mL/min. A post column PEEK flow splitter directed 50µL/min into the ICPMS or 
ESIMS.  
 
4.2.4 Inductively coupled plasma mass spectrometry (ICPMS): 
 
The method for LC-ICPMS analysis was adapted from Boiteau et al. (2013) [Boiteau et al., 
2013]. The flow of the LC column was coupled directly to a quadrupole ICPMS (iCAP Q, 
Thermo Scientific) using a perfluoroalkoxy micronebulizer (PFA-ST, Elemental Scientific) and a 
cyclonic spray chamber cooled to 0°C. Oxygen gas was introduced to the plasma at 25 mL/min 
to prevent the deposition of reduced organics on the cones. The ICPMS was equipped with 
platinum sampler and skimmer cones. 56Fe, 57Fe, and 59Co were monitored with an integration 
time of 0.05 seconds each. Measurements were made in kinetic energy discrimination mode with 
a He collision gas introduced at a rate of 4.2 mL/min to remove ArO+ interferences on 56Fe.  
 
ICPMS signals were exported into R for data processing. The chromatographic baseline was 
subtracted using an asymmetric least squares algorithm through the ‘baseline’ r package. 
Chromatographic peaks were quantified as two groups: hydrophilic compounds (retention time 
of 18-28 minutes), and amphiphilic compounds (retention time of 35-55 minutes). Peak areas 
were integrated and used to calculate concentrations with a six point calibration curve of a 
ferrioxamine E standard solution (retention time = 19.8 min) with concentrations ranging from 
3nM to 100nM. Signals were standardized between samples based on the 59Co peak area of the 
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cyanocobalamin internal standard to correct for instrument drift and matrix effects on ICPMS 
sensitivity (these corrections were <10%). No naturally occurring cyanocobalamin was detected 
in the samples. Since only the iron-bound form is quantified by LC-ICPMS, samples were 
titrated with excess iron citrate and re-analyzed to quantify total siderophore concentrations. A 
1:10 addition of the iron citrate stock solution was sufficient to saturate the unbound iron 
complexes. Our reported concentrations of amphiphilic compounds eluting after 19.8 minutes 
were not corrected for the decrease in LC-ICPMS signal intensity with increased organic solvent 
load (a 25% decrease was observed in 100% organic solvent compared to 50%) and are therefore 
conservative. Analytical uncertainty was determined by 4-5 replicate analyses for two samples 
(standard deviation of 9.1% and 9.6% for hydrophilic and amphiphilic siderophore 
concentrations respectively). 
 
4.2.5 Electrospray ionization mass spectrometry (ESIMS) analysis: 
 
For determination of the siderophore mass, the flow from the LC was coupled to an Orbitrap 
Fusion mass spectrometer (Thermo Scientific) equipped with a heated electrospray ionization 
source. ESI source parameters were set to a capillary voltage of 3500 V, sheath, auxiliary and 
sweep gas flow rates of 12, 6, and 2 (arbitrary units), and ion transfer tube and vaporizer 
temperatures of 300°C and 75°C. MS1 scans were collected in high resolution (450 K) positive 
mode. High energy collision induced dissociation (HCD) MS2 spectra were collected on the ion 
trap mass analyzer. Ions were trapped using a quadrupole isolation window of 1 m/z and were 
then fragmented using an HCD collision energy of 35%.  
 
The LC-ESIMS data was converted to mzXML file format (MSconvert, proteowizard) and a 
constant time offset was applied to align the retention time of the cyanocobalamin [M + H]2+ 
peak (m/z = 678) with the cyanocobalamin 59Co peak in the LC-ICPMS chromatogram. Using an 
isotope pattern search algorithm described previously [Boiteau and Repeta, 2015], candidate 
masses were determined for the iron-bound form of many of the detected compounds by 
identifying m/z and intensity features from each scan that match mass difference and abundance 
ratio of 56Fe and 54Fe, and that appear as coherent peaks that match the retention time of the LC-
ICPMS peaks (Figs. S4.2-S4.5). In some cases, the apo (iron free) mass was also observed. 
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4.2.6 Validation by 57Fe spike: 
 
To validate masses as features that contain iron, rather than coeluting ions that coincidentally 
match the iron isotope pattern, isotopically enriched 57Fe was added to samples to produce an 
observable isotopic shift in the m/z ratio of the iron-bound siderophore complex. Aliquots of the 
organic extracts were spiked with 57Fe and analyzed by LC-ESIMS in parallel to the 56Fe 
addition experiments (described above). Features that contain iron show an increase in the 
intensity ratio of the 57Fe isotopologue compared to the 56Fe isotopologue in the 57Fe enriched 
treatment (Fig. S4.6). MS2 fragmentation patterns were obtained for validated masses (Figs. 
S4.2c-S4.5c). Only uncomplexed siderophores were labeled with 57Fe during these 1-4 hour long 
experiments, indicating that isotopic exchange of siderophore-bound iron is slow.  
 
4.2.7 Siderophore identification: 
 
The identities of the detected iron ligands were determined by first comparing their masses to 
those in a library of 367 known siderophores based on the Chelomex siderophore database[Baars 
et al., 2014]. The masses of peak g and peaks o, q, r, u, w, x, y, and z matched those of 
ferrioxamine B and amphibactins (Table S4.1, Figs. S4.2,S4.3). Although background noise at 
the mass and retention time of 57Fe-ferrioxamine B interfered with validating the 614 m/z feature 
by isotope addition, the retention time and MS2 fragmentation pattern matched that of an 
authentic Ferrioxamine B standard. Ferrioxamine B has distinctive major fragments of 414.2 and 
496.1 m/z, corresponding to peptide bond cleavages and losses of C9H16N2O3 and 
C5H14N2O[Gledhill, 2001]. Similarly, we confirmed the identities of peaks o, q, r, u, w, x, y, and 
z as amphibactins by comparing their fragmentation spectra to authentic compounds isolated 
from Vibrio cyclitrophicus FF75. The MS2 fragmentation spectra of these compounds show 
diagnostic cleavages along the peptidic bonds, resulting in neutral losses of m/z 218 
(C8H14N2O5), 277 (C10H19N3O6), and 305 (C11H19N3O7) as well as head group fragment ions of 
m/z 485, 371, and 112 that lack the fatty acid side chain [Martinez et al., 2003; Vraspir et al., 
2011]. 
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The masses of the compound eluting at 46.8 and 50.9 minutes (peaks v and aa, 959.43 m/z and 
709.372 m/z moniosotopic masses, Figs. S4.4,S4.5) were both validated by 57Fe addition, but did 
not match any known compound in the database. The 959.43 m/z compound has the same major 
fragments listed above for the amphibactins, indicating that it contains the same peptidic iron-
binding head group composed of three N-hydroxylated and acetylated ornithine residues and one 
serine residue. The 709.372 m/z compound is structurally distinct, exhibiting major neutral 
losses that include 61, 115, 132, 276, and 316 m/z. 
 
4.2.8 Vibrio laboratory culture: 
 
Homologs to the two known amphibactin biosynthesis NRPSs from Alkanivorax borkumensis 
SK2 (ABO_2092 and ABO_2093) with >40% sequence similarity were found in the National 
Center for Biotechnology Information database using blastp. Five protein pairs were selected 
from cultured Vibrio species for further investigation. Using the PKS/NRPS analysis webserver 
from the University of Maryland [Bachmann and Ravel, 2009], these genes were predicted to 
assemble (from N to C terminus) N5-acyl-N5-hydroxyornithine - N5-acyl-N5-hydroxyornithine – 
serine - N5-acyl-N5-hydroxyornithine, which is consistent with the production of amphibactin. 
These strains (Vibrio cyclitrophicus FF75, Vibrio cyclitrophicus 1F-53, Vibrio splendidus ZS-
139, Vibrio Splendidus ZF-90, and Vibrio Lentus ZS-17, generously provided by the Polz group 
at the Massachusetts Institute of Technology) were grown in low iron casamino acid based media 
as described previously [Martinez et al., 2003; Vraspir et al., 2011]. Amphibactins were 
extracted from 10mL of filtered media onto ENV SPE columns, eluted with methanol, and 
detected by LC-ESIMS. The presence of amphibactins from these iron-starved culture confirmed 
that these gene sequences are responsible for amphibactin production, and provided additional 
query sequences for the detection of these genes from metagenomes. 
 
4.2.9 Tara Ocean catalog search: 
 
In order to detect genes from the Tara Ocean Microbial Reference Catalog (OMRGC)[Sunagawa 
et al., 2015] that correspond to the amphibactin biosynthesis genes from Alkanivorax 
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borkumensis or the Vibrio strains from this study, we used tblastn[Altschul et al., 1990]. Genes in 
the Tara OMRGC with at least 90% amino acid identity to the amphibactin biosynthesis genes 
were considered of same functionality (Fig. S4.7). The global abundance profile of these genes 
was then extracted from the Tara OMRGC. The genes were deemed present if they had a 
combined coverage of at least 1X within a sample. Both genes were found in samples collected 
from four stations (133, 93, 94, and 70) in late summer to early fall. Fig. S4.8 visualizes the 
global distribution of the selected amphibactin biosynthesis genes across depths, and Fig. 4.3 in 
the main text shows the combined results irrespective of depth. 
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4.5 Figures: 
 
 
 
Figure 4.1: (a) US GEOTRACES EPZT cruise track map with SeaWiFS-derived average sea 
surface chlorophyll (austral summer 2013-2014). Surface seawater was collected continuously 
from a trace metal clean tow fish across coastal (sample 1), high nutrient low chlorophyll 
(sample 2), and oligotrophic (samples 3-6) regions. Alternating black and white lines represent 
the six sampling intervals. (b-c) Interpolated concentrations of nitrate and dissolved iron[Resing 
et al., 2015]. (d-e) Community composition based on HPLC pigment analysis.  
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Figure 4.2: (a) Representative LC-ICPMS chromatograms of samples collected from the coastal, 
HNLC, and oligotrophic surface ocean. The orange line indicates ligands bound to naturally 
occurring iron, while the blue line indicates total ligand after addition of excess iron to saturate 
uncomplexed ligands. The major peaks at 23 minutes and between 40-50 minutes were identified 
as the siderophores ferrioxamine B and amphibactins B-T (structures shown in panel b). (c,d) 
Concentrations of hydrophilic siderophores (eluting between 18-28 minutes) and amphiphilic 
siderophores (eluting between 35-55 minutes). These total concentrations are anti-correlated (r2= 
0.65). Error bars represent the analytical uncertainty (±2σ). 
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Figure 4.3: Geographic locations of nonribosomal peptide synthetase (NRPS) amphibactin 
biosynthesis genes within the Tara Ocean Microbial Reference Catalog.  
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4.6 Supplementary Figures and Tables:  
 
Table S4.1: Full list of iron compounds detected by LC-ICPMS and 
LC-ESIMS 
Peak 
 
Retention 
Time (min) 
54Fe 
complex 
m/z 
56Fe 
complex 
m/z 
Iron free 
compound 
m/z 
ID 
 
MS2? 
 
57Fe 
validated? 
 
a 11.9 
      
b 12.4 
      
c 13.5 
      
d 18.4 
      
e 19.7 
      
f 20.2 
      
g 22.9 612.278 614.273 561.361 
ferrioxamine 
B Yes No 
h 25.6 
      
i 26.7 
      
j 29.2 
      
k 31.4 
      
l 34.3 
      
m 36.4 
      
n 37.6 
      
o 40.9 855.388 857.383 804.472 
Amphibactin 
T Yes No 
p 41.8 
      
q 43.1 899.415 901.410 848.499 
Amphibactin 
B No No 
r 43.7 881.404 883.399 830.488 
Amphibactin 
S No Yes 
s 45.0 
      
t 45.4 
      
u 46.0 883.419 885.414 832.503 
Amphibactin 
D Yes Yes 
v 46.8 957.435 959.43 906.519 Unknown Yes Yes 
w 47.1 909.434 911.429 858.518 
Amphibactin 
E Yes Yes 
x 48.4 953.461 955.456 902.545 
Amphibactin 
G No No 
y 49.5 911.450 913.445 860.534 
Amphibactin 
H Yes Yes 
z 50.3 937.467 939.462 886.551 
Amphibactin 
I Yes Yes 
aa 50.9 707.377 709.372 656.461 Unknown Yes Yes 
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Table S4.2: Location of South Pacific Samples collected during US GEOTRACES 
EPZT Cruise 
Sample Conditions Transect Start Transect End Depth 
    Latitude Longitude Latitude Longitude   
Sample 1 Coastal upwelling 12.047°S 77.432°W 12.001°S 86.524°W 3m 
Sample 2 HNLC 12.001°S 86.524°W 13.96°S 99.049°W 3m 
Sample 3 Oligotrophic 13.96°S 99.049°W 14.383°S 117.534°W 3m 
Sample 4 Oligotrophic 14.383°S 117.534°W 11.64°S 132.563°W 3m 
Sample 5 Oligotrophic 11.64°S 132.563°W 11.073°S 143.003°W 3m 
Sample 6 Oligotrophic 11.073°S 143.003°W 10.518°S 152.079°W 3m 
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Figure S4.1: 56Fe LC-ICPMS chromatograms from the six samples collected from the coastal 
environment (sample 1), the HNLC region (sample 2), and the oligotrophic region (samples 3-6). 
All signals have been standardized to account for differences in preconcentration. Ligands that 
were bound to naturally occurring iron were initially detected (orange line). After addition of 
excess iron to each sample, the uncomplexed ligands were saturated with iron and the total 
ligand pool was detected (blue line). 
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Figure S4.2: Ferrioxamine B characterization. (a) 56Fe LC-ICPMS chromatogram. (b) Extracted 
ion chromatograms (EIC) from positive mode LC-ESIMS chromatograms. Blue lines correspond 
to the 54Fe-siderophore [M+H]+ isotopologue and orange lines correspond to the 56Fe-
siderophore [M+H]+ isotopologue. The intensity of the heavy iron isotopologue has been scaled 
by the natural abundance ratio of 56Fe/54Fe (divided by 15.7) so that the isotopologues overlap. 
(c) MS2 fragmentation spectra of the 56Fe isotopologues. 
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Figure S4.3: Ampibactin D characterization. The subpanels are the same as presented in 
Extended Data Figure 2. 
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Figure S4.4: Unknown compound (959 m/z) characterization. The subpanels are the same as 
presented in Extended Data Figure 2. 
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Figure S4.5: Unknown compound (709 m/z) characterization. The subpanels are the same as 
presented in Extended Data Figure 2. 
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Figure S4.6: Example of 57Fe validation of siderophore masses for unknown compound (959 
m/z). Extracted ion chromatograms from LC-ESIMS chromatograms of (a) 56Fe spiked samples 
and (b) 57Fe spiked samples. Blue lines correspond to the 56Fe-siderophore [M+H]+ m/z and 
orange lines correspond to the 57Fe-siderophore [M+H]+ m/z. Features that contain iron show a 
difference in the relative abundance of the two isotopologues between the treatments. 
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Figure S4.7: Phylogenetic tree of amphibactin synthesis genes identified from cultured 
Gammaproteobacteria and homologs identified in the Tara OMRGC. 
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Figure S4.8: Depth distributions of amphibactin nonribosomal peptide synthetase (NRPS) genes 
within the Tara OMRGC in the surface (5m depth), deep chlorophyll maximum (DCM, ~30-
112m depth) and mesopelagic (~380-820m depth) layers. 
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Appendix 4.1: Ni and Cu compounds across the Eastern Tropical South Pacific 
 
One of the prime advantages to using a quadrupole ICPMS for speciation analyses is that the fast 
scanning speed allows for many elemental isotopes to be monitored simultaneously (barring 
those that suffer from interferences). While this chapter focuses on iron, additional data was 
collected for other transition metals, including Ni and Cu. Several Ni and Cu compounds were 
detected and characterized from the six samples collected on the GEOTRACES cruise. The LC-
ICPMS chromatograms for these metals revealed the presence of a compound eluting at 40 min 
that binds both Ni and Cu and elutes at 40 min. Using isotope assisted screening by LC-ESIMS, 
the parent ion was determined (Table A4-1). The metal free apo form of the complex [M+H]+ 
with m/z 511 was not detected. The metal bound forms of these compounds were most abundant 
in the last two samples (5 and 6), collected from the oligotrophic region near Tahiti. 
 
In addition, three compounds were detected in samples 4 and 6 that bind Ni exclusively and their 
masses were determined by LC-ESIMS. Since the stability of Cu complexes is typically higher 
than for Ni complexes, the three Ni compounds (Fig A4-1 peaks b-d) are likely kinetically inert 
to metal exchange.  The apo-form was not observed for any of these compounds. The two peaks 
with [M+60Ni-H]+ of 700.275 and 714.291 m/z are structurally related based on their MS2 
fragmentation patterns, differing by CH2. At this stage, these Ni and Cu compounds have not 
been linked to known compounds produced by organisms.  The discovery of these compoudns in 
the oligotrophic, low metal ocean may hint that they are cofactors used in metabolisms that 
substitute Ni or Cu for other elements that are scarce in this environment such as Fe. 
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Figure A4.1: 60Ni (left) and 63Cu (right) LC-ICPMS chromatograms from the six samples 
collected from the coastal environment (sample 1), the HNLC region (sample 2), and the 
oligotrophic region (samples 3-6). All signals have been standardized to account for differences 
in preconcentration. Dashed lines indicate retention times of identified compounds. 
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Table A4.1: Ni and Cu compounds identified across the GEOTRACES EPZT transect 
Peak Retention Time [M+H]+ [M+58Ni-H]+ [M+60Ni-H]+ [M+63Cu-H]+ [M+65Cu-H]+ 
  (min) m/z m/z m/z m/z m/z 
a 39.8 511.095 567.015 569.011 572.009 574.007 
b 46.4 591.143 649.148 651.143 N/A N/A 
c 48.6 640.275 698.28 700.275 N/A N/A 
d 49.9 654.291 712.295 714.291 N/A N/A 
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Chapter 5: Diversity of metal ligands in the California Upwelling system 
Abstract:  
 
The California current is a dynamic ocean environment characterized by strong seasonal 
upwelling that fuels intense phytoplankton productivity during summer months. Iron supply and 
recycling is known to play an important role in the timing and intensity of biological productivity 
in this region. Several modes of iron cycling have been observed, including enhanced supply of 
iron to the surface through upwelling over wide continental shelf regions, rapid removal in 
surface waters, and the recycling of iron by microbes and zooplankton in the euphotic zone, 
which sustains nitrate and phosphate utilization. Yet little is known about the fundamental 
processes that drive iron cycling or the types of organic ligands that mediate them. This chapter 
provides the first identification of iron binding ligands that play a role in these processes within 
the California current.  
 
Siderophores were detected in surface waters, including ferrioxamine B, amphibactins, and an 
unknown compound with m/z of 709 at concentrations ranging from 1-7pM. Synechobactins 
were also detected within nepheloid layers near the benthic boundary along the continental shelf, 
suggesting a potential role of siderophores for iron acquisition and iron remobilization within 
coastal ocean sediments. In the mesopelagic, the major iron binding ligands detected were 
chromatographically unresolved polar compounds, likely sourced from the degradation of 
organic matter in the water column or sediments and reaching concentrations of up to 1nM near 
the coastal benthic boundary. Grazing experiments revealed that copepods are a source of the 
siderophores ferrioxamine E and G, likely produced by associated heterotrophic bacteria, as well 
as numerous structurally related unknown organic ligands of m/z 876, 902, 854, 884, and 882. 
Finally, zooplankton grazing of phytoplankton released large amounts of another unknown 
compound with m/z of 968. These findings indicate that much of the iron regenerated by 
zooplankton grazing is associated with specific biomolecules, including siderophores, which 
likely have important consequences for the bioavailability of regenerated iron. Together, these 
results reveal that iron speciation is highly variable due to the release of structurally distinct iron 
binding compounds by microbes that are adapted to specific ecological niches, whether they are 
sedimentary, nutrient rich, iron deficient, or associated with eukaryotic hosts (e.g. zooplankton). 
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These compounds have a direct impact on iron bioavailability and recycling, particularly in the 
case of siderophore production.  
5.1 Introduction: 
 
The California current system (CCS) is a highly productive eastern boundary of the Pacific 
Ocean with intense seasonal biological cycles that are driven by ocean chemistry and physics 
[Rykaczewski and Checkley, 2008; Checkley and Barth, 2009]. Beginning in the early spring, 
strong equator-ward winds drive Ekman transport of surface waters offshore and replacement 
with cold, salty deep water that is rich in nitrate, phosphate, and silicate, as well as trace metals 
[Biller and Bruland, 2013]. These nutrients fuel intense phytoplankton blooms that are sustained 
throughout the spring and summer. Metal availability, particularly iron, is a major factor that 
determines the extent of bloom formation and ecosystem community structure in these regions 
[Hutchins and Bruland, 1998; Bruland et al., 2001]. Over time, dissolved iron concentrations 
decrease faster than nitrate, potentially due to scavenging or biological uptake [Firme et al., 
2003; Biller and Bruland, 2013; Biller et al., 2013]. Iron addition to the surface waters have been 
shown to enhance overall productivity in areas with low nitrate:Fe concentration ratios 
[Kirchman et al., 2000; King and Barbeau, 2007]. While these studies suggest that the amount of 
iron delivered to the surface ocean exerts a significant control over nutrient cycling and 
biological productivity, many questions remain about the processes that supply this iron and the 
rate at which it is removed. 
 
The predominant source of iron to the water column in the CCS is from continental shelf 
sediments. Rivers deliver iron rich mud to these regions during winter flood events [Wheatcroft 
et al., 1997; Xu et al., 2002]. Upwelling over wide continental shelves causes particle 
resuspension and enriches these waters with dissolved iron, causing more intense phytoplankton 
blooms and greater nitrate drawdown in wide shelf coastal regions than in narrow shelf regions 
that are supplied with less iron [Chase et al., 2005; Lohan and Bruland, 2008; Biller and 
Bruland, 2013; Biller et al., 2013]. This nutrient rich upwelled water advects offshore, resulting 
in a transition zone between the coast and the offshore oligotrophic California current. This 
mixing region can be several hundred km wide, varying seasonally, and is dominated by 
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mesoscale eddies that promote the offshore transport of nutrient rich coastally upwelled waters 
[Keith Johnson et al., 2005; Peterson et al., 2005, 2011]. Iron concentrations are typically low 
throughout this transition region (<<1nM) while high nitrate concentrations persist in some 
locations [Biller and Bruland, 2014]. Finally, further offshore lies the warm, less saline water of 
the California current, where iron and macronutrients have both been depleted and 
picocyanobacteria dominate primary productivity. 
 
While the broad scale pattern of iron upwelling along the coast and iron limitation offshore have 
been well documented [Kirchman et al., 2000; Bruland et al., 2001; Firme et al., 2003; King and 
Barbeau, 2007; Biller et al., 2013], the processes that add and recycle metals in these regions 
remain poorly constrained. Nearly all of the dissolved iron in the CCS is complexed by organic 
compounds of unknown source and composition [Buck et al., 2007; Bundy et al., 2014, 2015a]. 
These compounds drive many aspects of iron cycling, including (1) the dissolution of iron from 
detrital particles and sediments (2) the scavenging of iron from the water column by sinking 
particles and organic flocs (3) the iron uptake rates of marine microbes and (4) photochemical 
reduction and oxidation rates of iron. Uncovering the fundamental chemical and biological 
processes that transfer metals between sediments, biota and dissolved phases is necessary to 
predict changes in metal cycling that impact community composition, primary productivity, and 
carbon fixation rates in these regions.  
 
The composition of ligands is highly variable in the coastal environment, with concentrations 
and binding strengths changing dynamically throughout the region. Some ligands appear to be 
very strong, with binding strengths comparable to siderophores (conditional stability constant 
(log Kcond) = 11.1-13.9) [Buck et al., 2007; Bundy et al., 2014]. Siderophores are a class of iron 
ligands that are actively produced by marine microbes to bind ambient iron in a form that can 
only be taken up by organisms that possess specialized acquisition pathways. Early 
investigations to chemically characterize marine ligands from the CCS surveyed organic extracts 
from surface waters using colorometric assays. These studies determined that hydroxamate and 
catecholate functional groups, common iron binding moieties in siderophores, may be present in 
extracts of organic matter collected from surface seawater across the CCS [Macrellis et al., 
2001].  Furthermore, metagenomic surveys from the Tara Oceans gene catalogue found 
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homologues to both nonribosomal peptide synthases for amphibactin biosynthesis in the 
mesopelagic of the CCS (see Chapter 4). However, siderophores have not been directly 
identified in this environment.  
 
Previous studies have also suggested that terrestrial or marine humic substances produced by the 
biotic and abiotic decay of organic matter may be a major component of iron ligands [Laglera 
and van den Berg, 2009; Laglera et al., 2011; Abualhaija et al., 2015; Bundy et al., 2015b]. New 
methods for investigating the molecular composition of these compounds are needed to constrain 
how they are made and consumed by the marine community.  
 
In this study, I investigated the molecular composition of organic metal ligands across the 
California coast using liquid chromatography hyphenated with inductively coupled plasma mass 
spectrometry and electrospray ionization mass spectrometry (LC-ICPMS-ESIMS), focusing on 
the surface ocean and the benthic boundary along the continental shelf. The study’s aim was to 
identify specific metal binding ligands and gain insight into their likely sources. These methods 
simultaneously generate information about other heteroatoms, including bromine and iodine, and 
preliminary investigations into the distribution of halogenated compounds is described in the 
appendices. 
 
5.2 Methods: 
5.2.1 Materials and Reagents: 
 
High purity solvents and reagents were used throughout the study, including MilliQ water (18.2 
MO cm, qH2O), LCMS grade methanol (MeOH) that was redistilled in a Polytetrafluoroethylene 
(PTFE) still, and LCMS grade ammonium formate (Optima, Fisher scientific). Polycarbonate 
bottles and PTFE tubing for sample collection and solid phase extraction (SPE) were soaked 
overnight in 0.1% detergent (Citranox), rinsed with qH2O, and soaked for 1 day in 1N HCl (trace 
metal grade, Fisher Scientific) before a final qH2O rinse. Polypropylene tubes (Nunc, Thermo 
Scientific) used for sample concentration were washed with qH2O acidified to pH 2 with 
hydrochloric acid (HCl, trace metal grade, Fisher Scientific) followed by a final rinse with qH2O 
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and MeOH prior to use. A 50µM stock solution of cyanocobalamin (Sigma Aldrich) was 
prepared in qH2O. An aqueous solution of iron citrate was prepared by combining 1mM sodium 
citrate dihydrate and 100µM iron (diluted from a 1000ppm iron reference standard solution, 
Fisher chemical).  
 
5.2.2 Sample collection: 
 
Samples were collected during the IRNBRU cruise along the CCS between Santa Barbara and 
the Oregon coast in 2014, an anomalous year in this region due to El Nino wind patterns leading 
to reduced upwelling (Fig. 5.1). As a result, the typical strong chemical gradients found in this 
region were dampened, and the ‘transition’ region between upwelling and oligotrophic 
conditions was greatly expanded. Surface water samples (20L volume) were collected while 
transiting using a trace metal clean GeoFish sampling system. Depth profile samples for organic 
extraction and analysis were collected using PTFE coated GO-Flo bottles deployed on a Kevlar 
hydroline [Bruland et al., 1979]. Hydrographic data and samples for nitrate analysis were 
collected using the R/V Melville rosette system with conductivity, depth, temperature, 
fluorometer, dissolved oxygen, and beam transmission sensors. Nitrate concentrations were 
analyzed shipboard by flow injection analysis using standard spectrophotometric methods 
[Parsons et al., 1984]. Dissolved iron concentrations were determined either shipboard using a 
flow injection based analysis and spectrophotometric detection of iron chelated by N,N- 
dimethyl-p-phenylenediamine dihydrochloride (DPD) [Biller et al., 2013] or post-cruise using 
preconcentration with Nobias-chelate PA1 resin and quantification by ICPMS [Biller and 
Bruland, 2012]. 
 
Samples collected for iron ligand analysis by LC-ICPMS-ESIMS were filtered through 0.2µm 
Polyethersulfone capsule filters into 20L polycarbonate carboys, and were pumped through solid 
phase extraction resin columns (1g, ENV) at a rate of 15mL/min using a peristaltic pump 
equipped with polytetraflouroethylene (PTFE) and platinum-cured silicone tubing. Immediately 
before use, the columns were primed with 5mL MeOH, rinsed with 10mL pH2 qH2O (acidified 
with trace metal grade HCl), and conditioned with 10mL qH2O.  After extraction, the columns 
were rinsed with 10mL qH2O and frozen onboard.  Prior to analysis, the samples were thawed, 
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eluted with 10mL MeOH into 15mL polypropylene centrifuge tubes, and concentrated in a 
vacuum rotary centrifuge until only residual water was remaining (<200µL). The sample was 
then transferred to a 1.5mL microcentrifuge tube and brought to a final volume of 1mL with 
qH2O. 10µL of 10µM cyanocobalamin was added as an internal standard. Samples were then 
analyzed by LC-ICPMS and LC-ESIMS. To saturate unbound ligands and investigate total 
concentrations, a 100µL aliquot of each sample was also spiked with 10µL of iron citrate 
solution and analyzed.   
 
5.2.3 Zooplankton grazing: 
 
Zooplankton grazing studies were carried out twice during the IRNBRU cruise. Zooplankton 
were collected at night with a 200µm ring net from the upper 80m. Cod end contents were 
filtered through a 5mm sieve to isolate larger zooplankton and individual copepods were hand-
picked for experiments.  Phytoplankton within a 20-200µm size fraction were concentrated by 
filtration from 80L of water collected by the GeoFish sampling system to a final volume of 
500mL. Four treatments were incubated in triplicate 2.5L polycarbonate bottles on the ship deck 
for 12-24 hours in the dark: (1) a filtered seawater control with no further treatment (2) filtered 
seawater with 75mL of the concentrated phytoplankton stock (3) filtered seawater with 10 
copepods added, and (4) filtered seawater with 75mL of concentrated phytoplankton and 10 
copepods added. For each treatment, 1.5L from each replicate were combined (4.5L total) and 
were filtered and extracted as described above for LCMS analysis. 
 
5.2.4 Liquid chromatography: 
 
Chromatography was performed on a bioinert Dionex Ultimate 3000 HPLC system fitted with a 
polyetheretherketone (PEEK) c8 column (3µM, 2.1x100mm, Hamilton). Compounds were 
separated at a flow rate of 200 µL/min with a 20 minute gradient from 90% qH2O plus 5mM 
ammonium formate (A) and 10% MeOH plus 5mM ammonium formate (B) to 90% B, followed 
by isocratic elution at 90% B for 10 minutes. A post column flow splitter directed 50µL/min to 
the mass spectrometer.  
 
	 149	
5.2.5 ICPMS analysis: 
 
Methods for ICPMS and ESIMS analyses were adapted from our previous study (Chapter 4). 
LC-ICPMS analysis was carried out with a quadrupole ICPMS (thermo icapQ) coupled to a 
bioinert liquid chromatography system (Dionex Ultimate 3000). Compounds were separated on a 
C8 column (Hamilton, 2.1x100mm, 3µm particle size) and polyetheretherketone (PEEK) tubing 
and connectors using a gradient from 90% 5mM aqueous ammonium formate (A) to 90% 5mM 
ammonium formate in distilled MeOH (B) over 20 minutes followed by isocratic elution at 90% 
B for 10 minutes at a flow rate of 0.2mL/min. A post column PEEK flow splitter directed 
50µL/min into the ICPMS or ESIMS. 
 
Samples were analyzed by LC-ICPMS both with and without Fe addition to determine 
concentrations of both iron bound and total ligand concentrations. Isotopes monitored during 
ICPMS analysis included 55Mn, 56Fe, 57Fe, 59Co, 60Ni, 63Cu, 66Zn, 79Br, and 127I with integration 
times of 0.05 seconds. Oxygen gas was introduced to the plasma at 25 mL/min to prevent the 
deposition of reduced organics on the cones. The ICPMS was equipped with platinum sampler 
and skimmer cones, a perfluoroalkoxy micronebulizer (PFA-ST, Elemental Scientific), and a 
cyclonic spray chamber cooled to 0°C.. Measurements were made in kinetic energy 
discrimination mode with a He collision gas introduced at a rate of 4.2 mL/min to remove ArO+ 
interferences on 56Fe.  
 
To determine iron ligand concentrations, a standard curve of 12,25,50, and 100 nM ferrioxamine 
E spiked with cyanocobalamin were analyzed. Integration of ICPMS signals and calculation of 
concentrations were carried out with in-house scripts written in R as described in chapter 4. Total 
ligand concentrations were calculated by integrating the entire LCMS curve between 3 to 32 
minutes with a blank subtraction and converting peak area to concentration based on the 
sensitivity for ferrioxamine E. Since the ICPMS sensitivity decreases as the organic content of 
the mobile phase increases (40% decrease over the course of the run from 10-90% B), this 
approach slightly underestimates the concentration of compounds that elute after ferrioxamine E 
(11.1 minutes). 	
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5.2.6 ESIMS analysis: 
 
Samples were analyzed by LC-ESIMS using the same chromatography coupled to an Orbitrap 
Fusion Tribrid mass spectrometer equipped with a heated electrospray ionization source. The 
source parameters were set to a capillary voltage of 3500 V, sheath, auxiliary and sweep gas flow 
rates of 12, 6, and 2 (arbitrary units), and ion transfer tube and vaporizer temperatures of 300°C 
and 75°C. Scans were collected in positive mode with 450K mass resolution. The most abundant 
ions in each scan were targeted for MS2 analysis using quadrupole isolation with a 1m/z mass 
window, an ion collection time of 25ms, a collision energy of 35% in HCD mode, and were 
detected on the low resolution ion trap mass analyzer.  
 
LC-ESIMS data was analyzed in R after conversion to mzXML file format (MSconvert, 
proteowizard). A constant time offset was applied to align the retention time of the 
cyanocobalamin [M + H]2+ peak (m/z = 678) with the cyanocobalamin 59Co peak in the LC-
ICPMS chromatogram. The isotope pattern matching algorithm described previously [Boiteau 
and Repeta, 2015] was used to identify the masses of iron containing compounds by picking out 
m/z and intensity features from each scan that match mass difference and abundance ratio of 56Fe 
and 54Fe, and that appear as coherent peaks that match the retention time of the LC-ICPMS peaks 
(Appendix 5-1).  
5.3 Results: 
5.3.1 Iron in wide shelf upwelling regions: 
 
Coastal upwelling along the CCS brings cold, salty water enriched in nutrients to the surface 
[Biller and Bruland, 2014]. In regions where this upwelled water passes over a shallow 
continental shelf, it picks up high concentrations of iron, manganese, cobalt and copper [Biller 
and Bruland, 2013]. As a result of these trace metal and nutrient additions, primary productivity 
rates soar in these diatom dominated wide shelf regions [Hutchins and Bruland, 1998; Bruland et 
al., 2001]. Sample profiles were collected from a wide shelf region located just north of San 
Francisco Bay (Fig. 5.1, station 2).  
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The wide continental shelf station was characterized by high nitrate (15.9 µM) and dissolved iron 
(5nM) at the surface, along with intense biological productivity within the mixed layer 
(chlorophyll a fluorescence of 10 µg/L). Surface water temperatures were 10°C reflecting the 
recent upwelling of cold, salty deep water. A clear benthic iron source at this station is reflected 
in the high dissolved iron concentrations of 17.7nM near the sediment-water interface at 90m. 
There are also two plumes of suspended sediments that were detected as decreases in beam 
transmission centered at 60m and 90m (Fig. 5.2a). 
 
Samples for ligand characterization were collected from six depths in the shallow continental 
shelf region. The resulting chromatograms show four main Fe features: (1) very low 
concentrations of discrete iron compounds in the surface mixed layer waters at 8 and 10 min, (2) 
Two discrete peaks eluting at 19 and 21 min, (Fig 5.2, labeled a, b) that were found at 60m and 
90m depth, (3) a distinctive broad signal of chromatographically unresolved polar compounds 
eluting between 4-20 minutes, that increased gradually with depth, and (4) a broad signal eluting 
at 25 min, found predominately in the surface ocean.  
 
Major discrete compounds were identified by LC-ESIMS. The low abundance compound 
appearing in the surface samples at 12 minutes was identified as ferrioxamine B based on its 
retention time and a peak with the same retention time in the LC-ESIMS data at the 56Fe m/z 
614.273, although the 54Fe isotopologue signal was masked by background interference at the 
same mass. Another compound was detected in the surface waters by ICPMS eluting at 8 min, 
but was not detected as a distinctive mass in ESIMS. The two discrete compounds, A and B, 
were identified as the siderophores synechobactin C12 (also known as synechobactin A), and 
synechobactin C14. Monoisotopic masses for the [M+H] 56Fe forms were found to be 614.261 
and 642.292 respectively. MS2 fragmentation of these ions yielded diagnostic fragments for 
synechobactins, including neutral losses of 46.006 (-CH2O2), 113.996 (-C4H2O4), 130.027 (-
C5H6O), and 156.006 (-C6H4O5). 
 
The broad 56Fe signals observed in the chromatogram between 3-20 minutes (Fig. 5.2) represent 
a diverse suite of organic-iron complexes compounds that elute from the chromatography 
column over a wide range of retention times. These compounds likely correspond to the 
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refractory carboxylic acid rich compounds that account for the majority of dissolved organic 
matter in the ocean [Hertkorn et al., 2015; Repeta, 2015] and have a reasonably strong affinity 
for complexing iron [Abdulla et al., 2010; Bundy et al., 2015a]. The benthic boundary appears to 
be the major source of these chromatographically unresolved polar iron ligands as well as 
dissolved iron. The question remains whether they are produced in situ by microbial processes in 
marine muds, or if they are transported from rivers, settle out of the water column by flocculation 
or sorption to particles, and are released when the sediment is resuspended. These compounds 
are less abundant in the surface mixed layer, suggesting that they are removed or altered by 
biological activity or photochemistry.  
 
The siderophores synechobactin C12 and C14 also appear to be supplied by the mud belt. These 
compounds were only present in samples that were collected from within nepheloid layers at 
60m and 90m along the wide shelf station. Concentrations were high (18pM and 12pM), and the 
synechobactins were saturated with iron, which is consistent with the high ambient iron 
concentrations at these depths. Since these compounds are not found elsewhere across the CCS 
away from this resuspended sedimentary source, it seems that the compounds are rapidly 
removed from the water column. Synechobactins are susceptible to biological consumption as 
well as photooxidation of the alpha-hydroxy carboxylate group when iron bound [Barbeau et al., 
2003; Ito and Butler, 2005]. While these resuspended sediments appear to be a source of 
synechobactins at 60 and 90m, no increase in total dissolved iron is observed at these depths. 
Instead, high concentrations of dissolved iron and unresolved organic ligands appear to be 
sourced from the sediment-water interface. This suggests that multiple processes are adding iron 
ligands of different composition and reactivity to the water column from the benthic boundary.  
 
5.3.2 Iron in the narrow shelf upwelling region: 
 
In regions of the CCS with narrow continental shelves, upwelled water supplies less iron to the 
surface compared to the wide shelf regions because the water does not pick up material from 
shallow sediments [Bruland et al., 2008; Biller et al., 2013; Bundy et al., 2014]. As a result, iron 
is quickly depleted from these waters, resulting in less expansive diatom blooms and higher 
concentrations of residual nitrate [King et al., 2012a; Biller and Bruland, 2014]. 
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During the IRNBRU cruise, two samples were collected for ligand characterization from a region 
of recent coastal upwelling along the narrow shelf region off of the Oregon coast (Fig. 5.3, 
Station 28). Surface temperature, salinity, and nitrate concentrations were similar to those along 
the wide shelf region. However, iron concentrations were much lower (0.3-0.4 nM), and the 
resulting phytoplankton bloom was far less intense. In this region, only chromatographically 
unresolved ligands were observed. Concentrations of these ligands were determined by 
integrating the total 56Fe signal over time relative to an internal standard (cyanocobalamin) and 
converting this area to concentration based on a standard curve. These ligands appear to be more 
abundant just below the deep chlorophyll maximum compared to near the surface. Interestingly, 
the deep water appears to contain much higher concentrations of excess ligand than the surface 
waters, suggesting that they is a source for these compounds at depth or in sediments and 
potentially a sink in the surface mixed layer, possibly including consumption by microbes or 
degradation by photochemistry. 
  
5.3.3 Iron in the Santa Barbara basin: 
 
The Santa Barbara basin is a region where elevated sills restrict lateral water advection below 
475m. High organic matter fluxes from productive surface waters result in heavy O2 depletion 
within the deep water, accompanied by high concentrations of sediment derived reduced Fe(II) 
[John et al., 2012], and high dissolved organic matter concentrations (200-300µM) [Chen et al., 
1993]. While high iron concentrations within the anoxic waters at the Santa Barbara basin have 
been previously observed [John et al., 2012], most of this iron is removed rapidly just above the 
anoxic zone, consistent with fast oxidation and precipitation as Fe(III) [Rose and Waite, 2003]. 
However, a substantial portion escapes this removal process. Estimates from iron isotope 
measurements suggest that the isotopically light iron released from reducing sediments may 
account for up to 4-12% of the iron in the world ocean [John et al., 2012]. Stabilization by 
organic ligands may determine how much of this dissolved iron remains dissolved in oxic waters 
rather than precipitating out as iron oxyhydroxides. Alternatively, this iron could potentially 
form stable oxyhydroxide colloids that remain suspended in the water column for extended 
periods of time. About 20-80% of the iron in seawater is found in the colloidal size fraction, and 
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much of this iron is inert to chemical exchange with added iron ligands within 1-12 hr timescales 
[Cullen et al., 2006; Fitzsimmons et al., 2014]. It is currently unclear whether this is because the 
iron is present as inert inorganic phases or packaged within macromolecules or biological 
structures (e.g. vesicles or viruses) with slow exchange kinetics. 
  
In this study, samples for ligand analysis were collected from the Santa Barbara basin at five 
depths (Fig. 5.4, Station 29). The surface waters at this site had very low nitrate (<0.02µM) and 
moderate iron (4.6nM) concentrations. There was a maximum in chlorophyll florescence at 20m 
just below the mixed layer depth at 18m, and a gradual decrease in O2 with depth.  Oxygen was 
depleted by 500m, marked by the onset of nitrate reduction and a gradual decline in nitrate with 
depth.  Iron concentrations were elevated in the anoxic zone and increased rapidly with depth, 
reaching concentrations above 50nM near the sediment interface.  
 
While no discrete iron binding compounds were detected by LC-ICPMS at this site, 
chromatographically unresolved ligands were present at all depths. Samples collected from 
within the anoxic region exhibited the same broad signal between 4-20 minutes that was 
observed at depth in the wide shelf region. Addition of extra iron to these samples to saturate 
unbound ligands resulted in a nearly identical chromatogram compared to the unamend samples, 
indicating that there were no iron-free ligands present. These ligands may prevent the 
precipitation of dissolved iron under oxic conditions, which would induce the oxidation of 
soluble Fe(II) to Fe(III) and favor precipitation as oxyhydroxides unless the iron were stabilized 
as an organic complex. These unresolved ligands rapidly decrease in abundance away from the 
benthic boundary, suggesting a sedimentary source. 
 
5.3.4 Transition region: 
 
The transition region is characterized by intermediate surface water temperatures and a wide 
range of nutrient and metal concentrations (Fig 5.5). The high metal concentrations drop quickly 
once away from the coast to values of 0.25-0.03 nM in the surface ocean. At these low metal 
concentrations the autotrophic community shifts from diatoms to unknown eukaryotic autotrophs 
[King et al., 2012b]. In regions where nitrate values remain high ([dFe]:[NO3-] < 0.2nmol/µmol), 
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iron amendments increase productivity, suggesting iron limitation to autotrophic growth [King et 
al., 2012b]. 
 
In this transition region, defined by warm surface waters (>12°C), nonpolar iron binding 
compounds with retention times between 19-24 minutes were detected in most of the samples 
collected from the surface waters or deep chlorophyll maximum in this region (Fig. 5.6).  The 
most abundant and widespread compounds, eluting at 19.7, 20.5, 21.1, 21.9, and 22.2 minutes 
were identified as amphibactins S, D E, H, and I (m/z 883.399, 885.415, 911.430, 913.446, and 
939.462). The MS2 spectra of these compounds showed diagnostic neutral losses of m/z 218 
(C8H14N2O5), 277 (C10H19N3O6), and 305 (C11H19N3O7). The most abundant amphibactins were 
consistently S, E, and I, which all have a single unsaturation in the fatty acid tail. Another 
compound with 709.371 m/z was frequently observed at 22.9 min. All of these compounds were 
also found in the HNLC region of the eastern tropical south Pacific Ocean during the 
GEOTRACES EPZT cruise (Chapter 4). 
 
With discrete sampling in the California coast, the spatial diversity of these compounds can be 
seen. The amphibactins are widespread, appearing in 19 out of 23 samples collected from the 
transition region. The unknown 709 m/z compound appears in seven of these samples. The 
source of the 709 m/z compound appears to be distinct from the amphibactin source, since this 
compound appears at the highest concentrations in samples where amphibactin concentrations 
are low, primarily near the Oregon coast.  
 
The range of amphibactin concentrations observed throughout this region suggests complex 
controls on their distribution. Some insight can be found by observing amphibactin 
concentrations within the surface and DCM of the eddies. We sampled the center of two cyclonic 
eddies (stations 9 and 15), and one anticyclonic eddy (station 12). The cold-core cyclonic eddies 
are composed of salty upwelled water originating from the coast. Within the cyclonic eddies 
wind-driven mixing or curl-induced upwelling supplies macronutrients to the surface from the 
shallow nutricline. The eastern eddy was composed of recently upwelled water and retains nitrate 
stocks, although iron was depleted. In this region, amphibactins were found at high 
concentrations in the surface (7pM), and lower concentrations at the DCM (3pM). Surface 
	 156	
waters across this eddie were sampled again several days later, and revealed fine spatial scale 
variability, with higher concentrations of the unknown 709 m/z compound found within the core 
of the eddy and amphibactins dominating closer to the edges (Fig. 5.7).  These differences are 
likely attributed to differences in microbial community composition that arise within these 
dynamic eddy features. 
  
Further offshore, the westward eddy was composed of warmer water that had spent more time at 
the surface and was significantly depleted in both nitrate and iron at the surface. Here, 
amphibactin concentrations were lower (4pM at the surface and 0.6pM at the DCM). These 
lower amphibactin concentrations may have resulted from the change in productivity associated 
with the transition towards a macronutrient limited oligotrophic community. There were also 
potentially differences in the chemistry or seed populations of the initial water masses that 
formed these two eddies. In the future, Lagrangian studies of an upwelled water mass along the 
coast would provide insight into the timing of amphibactin production. 
 
The anticyclonic eddy was characterized by warm, lower salinity water that likely originated 
from the California current, and a deeper nutricline. Amphibactin concentrations were low in the 
nitrate and iron deplete surface waters at this site (1.4pM). Surprisingly, amphibactins were 
observed at high concentrations (8.5pM) in the deep chlorophyll maximum at 48m just above the 
nutricline. It is possible that the biological community at this depth was similar to the community 
in the surface of the cyclonic eddies. Alternatively, these compounds may persist for some time 
in the water column and could be relics of previous biological conditions.  
 
Amphibactins were also found at low concentrations (3pM) in a sample collected from the deep 
ocean at 1500m. Elevated concentrations of particulate Fe (1nM) and Al (7nM) at this depth 
suggest a strong influence of material from the continental slope. The amphibactins found in the 
deep sample may have been produced in situ as microbes degrade particulate organic matter that 
sank from the surface. Alternatively, they may have been sourced from continental slope 
sediments. Further studies are needed to investigate these potential sources as well as the 
persistence of these compounds in the deep ocean.  
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5.3.5 Grazing: 
 
Zooplankton grazing is a major recycling pathway for iron in the euphotic zone. When grazers 
feed on phytoplankton, the iron contents of their prey is either processed through the gut of the 
grazer where they may undergo chemical transformations [Barbeau et al., 1996], or it is released 
directly into the surrounding water. Furthermore, previous studies have demonstrated an increase 
in strong iron binding ligand concentrations that scaled proportionally to the chlorophyll 
consumed by zooplankton grazers [Sato et al., 2007]. The release of these ligands can potentially 
impact the bioavailability of this iron to certain classes of phytoplankton. Yet nothing is known 
about the identity of these ligands or the iron forms that are released to the dissolved iron pool by 
zooplankton grazing. 
 
Grazing incubation experiments were performed on the IRNBRU cruise to investigate these iron 
regeneration processes. For this experiment, filtered surface seawater was inoculated with (a) 
nothing (control treatment) (b) phytoplankton collected from a net tow (phytoplankton treatment) 
(c) copepod grazers (zooplankton treatment), and (d) phytoplankton and copepods (grazing 
treatment). The treatments were incubated for 12-24 hrs.  
 
In both experiments, the phytoplankton, zooplankton, and grazing treatments exhibited distinct 
iron peaks in the LC-ICPMS chromatograms (Fig. 5.8). These compounds were more abundant 
in the zooplankton and grazing treatments than in the phytoplankton treatment. The major 
compound eluting at 9.1 minutes was identified as the siderophore ferrioxamine G. Other major 
compounds, eluting at 19.7, 20.5, 20.6, 21.3, and 22.0 minutes were found to have 56Fe 
monoisotopic [M+H]+ masses of 876, 902, 854, 884, and 882 m/z respectively. These masses do 
not appear in the Chelomex database of 367 compounds. These compounds have a common MS2 
fragment (295.22 m/z), and neutral loss (497.17 m/z), suggesting that they may be structurally 
related to each other.  
 
Another peak, eluting at 19 minutes is significantly more abundant in the grazing treatment than 
in the other two treatments.  This compound was found to have a 56Fe monoisotopic [M+H]+ 
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mass of 968 m/z, which also has no match within the siderophore database. This compound 
exhibited major fragments of 306, 334, 351, 393, and 419 m/z.    
 
In the copper LC-ICPMS chromatogram from the grazer experiment, a major compound eluting 
at 21.1 minutes was detected in both the zooplankton and grazing treatments, at roughly similar 
concentrations. While the mass of this compound was not determined, its presence suggests that 
zooplankton may be a source of metabolites that play a role in copper cycling or detoxification. 
5.4 Discussion: 
 
5.4.1 Unresolved carbon compounds from the deep: 
 
One of the unexpected results from the survey of organic ligands across the CCS was the 
consistency of chromatographically unresolved dissolved organic matter (DOM) in samples 
collected from deep water. The samples collected from upwelling stations below the photic zone 
(2 and 28), from the anoxic region of the Santa Barbara Basin, and from the 1500m sample 
collected from stations 12 all have a broad chromatographic feature from 4-20 minutes with a 
maximum at 8 minutes. It is likely that these unresolved organic compounds represent a common 
class of refractory organic matter that are produced in deep water or sediments as a result of 
organic matter degradation. These compounds are good candidates for the benthic boundary 
sourced ligands that have been previously reported by electrochemical studies from the 
California coast. Bundy et. al. 2014 found that moderately strong ligands were released from 
shallow mudflats along the continental shelf near San Francisco Bay. These ligands had 
conditional stability constants (log KcondFeL,L’) ranging from 11.2-11.9, similar to those reported 
for humic substances. A portion of this material (estimated at 3-18%) is potentially composed of 
terrestrially derived humic substances, as determined by direct measurements by adsorptive 
cathodic stripping voltammetry [Bundy et al., 2014, 2015b]. 
 
While the origin of iron binding unresolved DOM remains uncertain, there are several scenarios 
that are consistent with these results. (1) It is possible that these ligands are terrestrially derived.  
Dissolved terrestrial organic matter tends to flocculate when fresh water is mixed with high 
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salinity ocean water [Boyle et al., 1977]. Upon flocculation, iron and strong iron binding ligands 
are lost from the water column into the sediments [Bundy et al., 2015a]. Over time, these 
compounds may re-dissolve and diffuse into the overlying deep water. If this is the primary 
source of iron ligands in the CCS, sedimentary sources close to river mouths or groundwater 
discharge would be expected to be more significant sources of metal ligands compared to sites 
further offshore. (2) Alternatively, the deep unresolved DOM might be produced by the 
degradation of organic matter of marine origin in the water column or within sediments. This 
explanation is consistent with the finding of high concentrations in the deep waters of the Santa 
Barbara basin, where most of the organic carbon is supplied from sinking marine biomass 
(estimates based on δ13C of particulate organic carbon in nearby sediments suggest that ~17% is 
terrestrially derived). One remaining question is whether the ligands observed in the deep 1500m 
sample from station 12 are produced within the water column or released from margin sediments 
and transported. Since these ligands are thought to regulate the amount of iron that makes it to 
the surface ocean from sediments [Buck et al., 2007], environmental changes that impact the 
ligand source will likely have important feedbacks on biological carbon uptake in the surface of 
the upwelling zone. 
 
Sediments and deep water also exhibited elevated levels of unresolved DOM complexed with 
other trace metals. Similar features were also seen for Zn at all of these sites, and for Cu at all 
sites except for the Santa Barbara Basin. Intriguingly, no increase in Cu associated with 
unresolved DOM is observed from the sediments of the Santa Barbara Basin, though this result is 
consistent with anoxic sediments (unpublished data). The observation that unresolved DOM 
apparently binds multiple metals raises the question of whether these metals compete for the 
same binding sites, or if different components of unresolved DOM have a selective preference 
for certain metals.  
 
5.4.2 Siderophore distributions: 
 
Both known and novel siderophores were found at many locations throughout the CCS, 
reflecting microbial efforts to compete for iron under different nutrient regimes. The same 
siderophores that were observed in surface waters of the eastern tropical South Pacific were 
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found in the CCS surface waters, and their distribution patterns are similar. In the previous study 
on the eastern tropical South Pacific (chapter 4), integrated surface samples were collected over 
wide regions to provide a zonal average siderophore composition. In this chapter, discrete 
samples were collected and analyzed from the CCS, providing an opportunity to evaluate the fine 
scale distribution of siderophores across multiple depths.  
 
In the wide continental shelf region, low concentrations of ferrioxamine B were detected only 
within the surface mixed layer. Likewise, ferrioxamine B was found predominantly in the 
microplankton dominated coastal region of the eastern tropical South Pacific. The production of 
ferrioxamines are widespread across bacterial lineages including the gram-positive Streptomyces 
and Actinomycetes, and numerous gram-positive Gammaproteobacteria [Mucha et al., 1999; 
Martinez et al., 2001]. Furthermore, oceanographic surveys have also found the related 
compounds ferrioxamine G and E in the Baltic Sea [Mucha et al., 1999], the Atlantic Ocean 
[Mawji et al., 2008], and the oligotrophic North Pacific at Station Aloha (Boiteau, unpublished), 
and even in the grazing incubation study presented in this chapter. Thus, this class of siderophore 
appears to be widespread throughout the euphotic zone in areas where iron is not the limiting 
nutrient for overall primary productivity. 
 
In regions where iron was depleted, amphibactins were the most common and abundant 
siderophore detected. Again, this mirrors the observation from the preceding chapter that these 
compounds were predominantly associated with the iron starved waters of the eastern tropical 
South Pacific. In the CCS, these compounds were found not only at the surface but also the deep 
chlorophyll maximum. Amphibactins were also detected within the California current deep water 
sample collected at 1500m. Since they were not detected in other deep samples from the wide 
continental shelf or from the Santa Barbara Basin, it appears that this is a localized signal, 
possibly generated by amphibactin producing microbes feeding on sinking particles from the 
productive overlying waters. The only known producers of amphibactin are 
Gammaproteobacteria, including Alcanivorax borkumensis SK2 and numerous vibrio strains (as 
discussed in Chapter 4), which release these compounds when iron concentrations are low. Thus, 
amphibactins may be primarily associated with opportunistic heterotrophs that regenerate iron 
from decaying organic matter.  
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The unknown compound with m/z 709 was also previously detected in the South Pacific ocean, 
There, it co-occurred with amphibactins in the HNLC region. The exact mass of this ion matches 
a molecular formula of C33H59N5O8Fe+. The fragmentation pattern of this compound is not 
similar to that of amphibactins (Fig. A5.1-6), and it is potentially a novel amphiphilic 
siderophore based on its late retention time and high carbon content. In this study, differences 
were observed in the relative abundance of the amphibactins and the unknown siderophore, 
suggesting that they are produced independently.  
 
This study is also the first to identify synechobactins in the marine environment. Synechobactins 
are known to be produced by the mud-dwelling marine cyanobacteria Synechococcus sp. PCC 
7002 [Ito and Butler, 2005; Boiteau and Repeta, 2015] and the nitrogen fixing cyanobacteria 
Anabaena variabilis [Deicke et al., 2014]. Based on the select regions where we find these 
compounds, it appears that these compounds are actively produced within the marine muds 
(either on the seafloor or within the resuspended water column), and that they are released when 
sediment/porewaters are resuspended. Further studies could confirm this by measuring these 
compounds within mud samples on the sea floor. Interestingly, synechobactins are a mixed-mode 
siderophore containing both hydroxamate and citrate iron binding groups. Due to their 
photolability, it may be no coincidence that these compounds are only found in marine muds 
where light levels are low.   
 
One of the notable results from this survey is the lack of diversity of compounds appearing in the 
surface ocean in this study and others. Indeed, both ferrioxamines and amphibactins were also 
the major siderophores identified in carbon amended seawater incubation experiments by 
Gledhill and others performed across the Atlantic Ocean [McCormack et al., 2003; Gledhill et 
al., 2004; Mawji et al., 2008, 2011]. Yet many other siderophores have been isolated by marine 
bacteria in cultures which have yet to be observed in the environment, including marinobactins 
[Martinez and Butler, 2007], aquachelins[Martinez et al., 2000], loihichelins [Homann et al., 
2009], ochrobactins [Martin et al., 2006], vibrioferrin [Amin et al., 2009], anguibactin [Jalal et 
al., 1989], vanchrobactin [Sandy et al., 2010], petrobactin [Barbeau et al., 2002], and 
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moanachelins [Gauglitz and Butler, 2013]. Why have these compounds not appeared in any 
marine surveys thus far?  
 
One potential explanation is that the extraction procedure provides a selective window into 
siderophore composition. Some siderophores, such as the citrate based compound vibrioferrin, 
are not retained by the SPE columns used in this study (unpublished results). Other compounds 
may be retained too strongly by the column to elute with methanol and acetonitrile. However, 
many known marine siderophores are efficiently retained and eluted from these columns, 
including schizokinin, aerobactin, anguibactin and marinobactin [Martinez et al., 2001; Ito and 
Butler, 2005; Zane et al., 2014; Boiteau, unpublished data]. 
 
Another possibility is that these other siderophores are degraded or consumed more rapidly than 
the ferrioxamine and amphibactin siderophores, either in the water column or during extraction 
or sample processing. For instance, citrate, α-hydroxy acid, and catechol based siderophores are 
photolabile [Barbeau et al., 2001, 2003; Grabo et al., 2014] and may be lost quickly in the 
surface ocean or else their production might be selected against due to their reactivity. More 
detailed tests on the extraction efficiency of other siderophores from seawater would be needed 
to explicitly rule out this possibility. A related question is whether the siderophores that we 
observe represent molecules that are actively produced and used at the location where they were 
collected, or if they are long-lived compounds that persist in the water column. However, the 
ability to utilize iron associated with siderophores should provide a competitive advantage in 
iron starved environments, where we observe the highest siderophore concentrations. Under 
these conditions, positive selection pressure should increase the success of microbes that 
efficiently take up siderophores and lower standing stocks in the absence of increased production 
rates. Further studies on the uptake and turnover rates of these compounds within the water 
column are needed to test this hypothesis. 
 
A final explanation is that amphibactin and ferrioxamine production is genuinely more common 
than many other siderophores in the open surface ocean where most of these surveys have taken 
place. Perhaps siderophores are very strongly associated with particular environmental niches. In 
this case, other siderophores will likely be discovered under environmental conditions that have 
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yet to be explored. The results of this study support such a hypothesis. For example, 
synechobactins were found for the first time in this study associated within resuspended mud 
layers, and potential novel siderophores were found associated with zooplankton hosts (Table 
5.2). As more environments are surveyed, more complete patterns of siderophore production will 
likely emerge.  
 
But then what drives the distribution of different siderophores? In theory, it could stem from 
convergent evolution, where microbes happen to evolve different siderophore mediated 
strategies for the same function of iron acquisition. However, the ability to produce a specific 
siderophore does not appear to be linked to certain bacterial lineages, but are perhaps rather 
linked to ecological niches. Many bacterial genera are capable of producing multiple different 
types of siderophores, indicating that horizontal gene transfer is common for siderophore 
production and uptake pathways. For instance, marine Vibrio isolates have been found to 
produce vibrioferrin, anguibactin, aerobactin, amphi-enterobactin, and amphibactins [Jalal et al., 
1989; Haygood et al., 1993; Vraspir et al., 2011; Cordero et al., 2012; Zane et al., 2014]. 
Furthermore, often a single strain possesses genes for the production of more than one 
siderophore, or for the uptake of a siderophore that the strain cannot produce [Cordero et al., 
2012]. Together, these findings suggest that intense environmental selection pressure forces 
bacteria to regularly adapt to specific ecological niches and environmental nutrient regimes by 
acquiring the most successful siderophore mediated uptake strategies from their neighbors. 
Determining the ecological advantage of using a particular siderophore over others will require 
more detailed studies on the chemical properties of the siderophores and the lifestyles of the 
producers and consumers of these siderophores. Many factors are likely important, including 
binding strength, diffusion rates, energy/nutrient cost, and compatibility with host organisms or 
symbionts (e.g. phytoplankton or zooplankton).[Völker and Wolf-Gladrow, 1999; Vraspir and 
Butler, 2009; D’Onofrio et al., 2010; Hibbing et al., 2010] As a first step, genes involved in the 
complete biosynthetic and uptake pathway for these compounds must be determined. These 
genes can then be identified in single cell genomes isolated from the regions where these 
compounds are found in order to determine which organisms can produce them. Secondly, 
uptake studies with siderophores that are found in the marine environment will help to elucidate 
which members of the microbial community are able to utilize siderophore bound iron. 
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Numerous studies have suggested that ferrioxamine B associated 55Fe uptake rates vary widely 
for different phytoplankton [Hutchins et al., 1999a, 1999b; Shaked et al., 2005], and similar 
studies can be conducted with other environmentally relevant siderophores. 
 
5.4.3 What is retained and what is not?: 
 
The analytical window of mass spectrometry based investigations of marine ligand composition 
is largely determined by the solid phase extraction method used to concentrate and desalt the 
samples, and the chromatography that is used to separate the compounds.  In this study, these 
parameters were carefully chosen to avoid sample manipulation that may degrade organic 
ligands or impact iron speciation (e.g. pH change). Polystyrene divinylbenzene resins such as 
ENV and PPL are commonly used for solid phase extraction of organic matter and have been 
previously shown to efficiently retain iron and iron binding compounds from natural waters at 
neutral pH [Macrellis et al., 2001; McCormack et al., 2003; Waska et al., 2015]. While the 
primary goal of this study was to structurally characterize iron ligands from different regions 
across the CCS, the next important aim is to determine their contribution to the dissolved iron 
pool. Additional samples were collected during the IRNBRU cruise to evaluate metal extraction 
efficiencies as well as alternative extraction methods, providing an opportunity to evaluate the 
quantitative recovery of dissolved iron and biomolecules using the extraction and analytical 
methods described in this study. Comparing the total dissolved iron concentrations to the 
concentrations of iron detected by LC-ICPMS reveals that the latter method only captures a 
small portion (2-5%) in regions where iron concentrations are high (e.g. wide shelf and Santa 
Barbara Basin, Fig. 5.2, 5.4) compared to up to 30% in regions where dissolved Fe is low (e.g. 
narrow shelf, Fig. 5.3). Furthermore, total ligand concentrations in the surface ocean are often 
much higher (1-2nM). This raises the important question of what iron ligands were not observed 
during our analyses. 
 
Measurements of dissolved iron in seawater before and after extraction reveal that 20-80% of 
dissolved iron is retained by the column (Fig. 5.9), consistent with other studies [Waska et al., 
2015]. In some cases, the breakthrough of dissolved iron is likely due to poor retention of polar 
iron species. Citrate or ethylenediaminetetraacetate (EDTA) bound iron, for example, is not 
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retained by the ENV resin used in this study. In other cases, it may be due to saturation of 
binding sites, especially in the coastal ocean where organic matter concentrations can be high. 
Breakthrough and column saturation was evaluated by extracting several seawater samples 
through two extraction columns stacked in tandem so that the flow through from the first column 
passes through a second extraction column (Fig. 5.10). These studies showed that most of the 
nonpolar compound eluting after 12 minutes, including amphibactins, were efficiently captured 
by the primary column. However, more polar iron binding compounds tended to break through 
and accumulate on the second column.  Overall ligand concentrations from the second column 
were 21-22% relative to what was captured on the primary column. Finally, there is likely a 
significant portion of even more polar iron species that is simply not retained by either SPE 
column, possibly complexed by small metabolites or acidic polysaccharides [Hassler et al., 
2011, 2014]. 
 
The metal binding compounds that are detected and quantified by the LC-ICPMS method 
described here are within the soluble fraction of dissolved iron/ligands (<10 kDa). The LC-
ICPMS chromatogram of SPE extracted organic compounds from filtered seawater (0.2µm 
cutoff) and tangential flow filtered seawater (Pellicon, < 10 kDa cutoff) are nearly identical (Fig. 
5.10). Thus, it appears that colloidal iron is not detected by the LC-ICPMS method despite the 
fact that it makes up a significant portion of total dissolved iron in the CCS (35-85%, J. 
Fitzsimmons, unpublished data). This is likely explained by the small pore size of the ENV resin 
used during extraction (45nm) and the C8 column used for separation (11nm), which is not ideal 
for retaining and eluting large colloidal compounds. Currently, it is uncertain whether colloidal 
compounds are not retained by the SPE column or if they are retained but not eluted, perhaps 
getting caught in the narrow pores of the resin beads.  
 
From the mass balance analysis described above, it appears that much of the iron that is retained 
by the solid phase extraction column (20-80% of total dFe) is retained too strongly by the SPE or 
chromatography column to elute with the solvents used in this study. There is precedence for 
marine dissolved iron to have a high affinity for polymer surfaces. For example, loss of iron to 
the walls of plastic bottles is common [Fitzsimmons and Boyle, 2012], and in ultrafiltration 
studies only ~60% of the dissolved iron passing through the filter is typically recovered. There 
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are several possible explanations as to why this iron is retained so strongly: (1) it is trapped in 
narrow pores as colloidal iron (2) it forms precipitates that nucleate on the plastic surfaces, or (3) 
it is associated with non-polar organic ligands that have high affinity for non-polar materials. 
Elution of the SPE columns with acetonitrile after the MeOH elution did recover up to 25% of 
additional organically bound iron, including amphibactins. There is evidence that rinsing 
columns with acidified water before the methanol elution step increases iron yields, potentially 
due to the dissolution of colloidal or precipitated iron forms, or to protonation of immobilized 
organic chelates (interestingly, this treatment does not significantly impact organic carbon 
yields) [Waska et al., 2015]. Another step where iron can be lost is during sample 
preconcentration. In many of the samples from the CCS, a precipitate formed in the final 
concentrate due to over saturation once the organic matter was concentrated 20,000x. It is likely 
that this precipitate contains at least a portion of the ‘missing’ iron.  
 
One major factor that determines which compounds are isolated from seawater during extraction 
is the composition of the solid phase resin.  We did replicate extractions of seawater from two 
locations using multiple resins to investigate the effect of the resin on the compounds that are 
extracted. Four solid phases were tested, two polystyrene based resins (ENV and PPL), one 
functionalized silica based resin (c18), and one activated charcoal resin (Envi-carb). The results 
of analyzing the same samples after extraction with these four different resins show different 
affinities for organic compounds (Fig. 5.11).   Amphibactins were effectively extracted by ENV, 
PPL, and c18 phases, with the greatest recovery observed for the ENV resin.  The activated 
charcoal resin tended to capture low concentrations of more polar compounds that were not 
captured by the other resins.  Thus, using multiple resin phases in line may improve the overall 
recover of organic iron binding ligands from seawater in future studies.   
 
Overall, the study present here provides a first window into the identity of compounds that bind 
iron. Due to the potential for incomplete recovery of iron species from the extraction column, the 
estimates of siderophore and iron ligand concentration described here are conservative lower 
bounds. More importantly, these results reveal specific compounds that are involved in 
biogeochemical iron cycling within the CCS, and thus enable more detailed studies to better 
constrain their concentrations and cycling rate. Future work will focus on optimizing the 
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extraction and elution methods for the siderophores that were characterized during this study, 
and on varying the seawater extraction and elution methods in order to obtain new analytical 
windows that capture other portions of the dissolved iron pool. In addition to using multiple 
resins to extract a greater portion of iron ligands from seawater, acidifying the sample to 
protonate charged ligands might also improve the recovery of more polar compounds.   
5.5 Conclusions: 
 
This study reveals the diversity of iron ligands across the CCS. Siderophores make up a dynamic 
component of the iron ligand pool, with ferrioxamines B, E, and G appearing in nutrient rich 
waters and grazing incubation experiments, and amphibactins and an unknown iron ligand with 
m/z of 709 detected throughout the low-iron surface waters. For the first time, synechobactins 
were detected in the marine environment, associated with resuspended mud layers along the 
continental shelf, suggesting that siderophores play a potential role for iron remobilization and 
cycling in sediments.  Finally, zooplankton grazing was a source of an unknown iron compound 
with m/z 968. These results confirm previous studies suggesting that siderophore production is 
widespread and heterogeneous [Mawji et al., 2008, 2011], and provide new important targets for 
future studies on biological iron uptake rates, iron remineralization/scavenging rates, and ligand 
turnover rates.  
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5.8 Figures: 
 
 
 
Figure 5.1: Map of California coast and station sampling locations during the IRNBRU cruise. 
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Figure 5.2: Station 2, Wide shelf upwelling region. (a) Depth profiles of CTD parameters, 
nitrate, dissolved iron, and LC-ICPMS based FeL concentrations.  (b) 56Fe LC-ICPMS 
chromatograms of organic extracts collected from each depth. Dashed lines indicate 
chromatographic peaks from compounds that were identified by LC-ESIMS (c) structure of 
identified ligands a – ferrioxamine B, b – synechobactin C12, c – synechobactin C14. 
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Figure 5.3: Station 28, Narrow shelf upwelling region (a) Depth profiles of CTD parameters, 
nitrate, dissolved iron, and LC-ICPMS based FeL concentrations. (b) 56Fe LC-ICPMS 
chromatograms of organic extracts collected from each depth. 
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Figure 5.4: Station 29 - Santa Barbara basin station (a) Depth profiles of CTD parameters, 
nitrate, dissolved iron, and LC-ICPMS based FeL concentrations. (b) 56Fe LC-ICPMS 
chromatograms of organic extracts collected from each depth. 
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Figure 5.5: (a) Map of transect across CCS eddies, showing sea surface height anomaly 
(+14cm=red, -14cm=blue). (b) Depth profiles of salinity, temperature, dissolved Fe, and 
dissolved N. Stations where samples for LC-ICPMS were collected are shown as dashed lines.  
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Figure 5.6: (a) LC-ICPMS chromatograms of 56Fe from samples collected across three eddies 
within the transition zone between the upwelling coast and the California current. Labeled peaks 
correspond to amphibactins s, e and i. (b) Structure of amphibactins detected across the CCS. 
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Figure 5.7: (a) Changes in LC-ICPMS chromatograms of iron ligands across a cyclonic eddy 
(near station 9) (b) Satellite derived surface ocean concentrations of chlorophyll B (average for 
month of June 2014). 
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Figure 5.8: (a) LC-ICPMS chromatograms of iron ligands detected during zooplankton grazing 
experiment. Letters indicate major peaks that correspond to compounds in Table 2. (b) 
Concentration of ligand from grazing experiment.  
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Figure 5.9: SPE extraction efficiency for iron.  Dissolved iron concentrations were measured 
before and after the seawater was passed through an ENV solid phase extraction column.  
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Figure 5.10: Comparison of primary, breakthrough, and soluble seawater ENV extract. Two 20L 
volumes of seawater collected simultaneously were extracted through either two ENV SPE 
columns, or were passed through a tangential flow filter with a 1kd cutoff, and only the permeate 
was extracted. The intensities of the chromatograms have been scaled relative to the volume 
extracted (10L). 
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Figure 5.11: LC-ICPMS chromatograms of seawater organic extracts from stations 6 (a) and 20 
(b) collected with four different solid phase extraction resins. ENV and PPL are polystyrene 
based resins.  C18 is a functionalized silica based resin. Envi-carb is an activated charcoal based 
resin. 
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Table 5.1: Identification of iron binding compounds in CCS seawater 
Elution Time (min) 
56Fe monoisotopic 
[M+H]+ m/z Identity 
19.4 614.261 Synechobactin A 
21.1 642.292 Synechobactin C14 
22.9 709.371 C33H59N5O8Fe+* 
19.7 883.399 Amphibactin S 
20.5 885.415 Amphibactin D 
21.1  911.43 Amphibactin E 
21.9 913.446 Amphibactin H 
22.2 939.462 Amphibactin I 
*Hypothesized chemical formula 
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Table 2: Identification of Fe compounds in the IRNBRU grazing experiment 
Peak Elution time (min) 
56Fe monoisotopic 
[M+H]+ m/z ID (?) 
 8.7 700.273 unknown 
a 9.1 672.278 Ferrioxamine G 
 11.1 654.267 Ferrioxamine E 
d 19 968.342 Unknown 
 19.7 876.430 Unknown 
e 20.5 902.446 Unknown 
 20.65 854.445 Unknown 
f 21.3 884.456 Unknown 
g 22.06 882.477 Unknown 
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Table 3: Description of CCS samples for ligand characterization collected on the IRNBRU cruise 
Sample ID SPE Resin* Date collected Station Latitude Longitude Depth Region# 
1 ENV 7/6/14 2 38.72 123.58 6m Upwelling 
2 ENV 7/6/14 2 38.72 123.58 20m Upwelling 
3 ENV 7/6/14 2 38.72 123.58 40m Upwelling 
4 ENV 7/6/14 2 38.72 123.58 60m Upwelling 
5 ENV 7/6/14 2 38.72 123.58 80m Upwelling 
6 ENV 7/6/14 2 38.72 123.58 90m Upwelling 
7 ENV 7/9/14 6 38.22 123.83 surface Transition 
8 PPL  7/9/14 6 38.22 123.83 surface Transition 
9 Envi-carb 7/9/14 6 38.22 123.83 surface Transition 
10 C18 7/9/14 6 38.22 123.83 surface Transition 
11 ENV 7/11/14 9 39.38 124.67 15m Transition 
12 ENV 7/11/14 9 39.38 124.67 27m Transition 
13 ENV 7/11/14 12 39.00 125.75 15m Transition 
14 ENV 7/11/14 12 39.00 125.75 48m Transition 
15 ENV 7/12/14 15 38.25 126.75 15m Transition 
16 ENV 7/12/14 15 38.25 126.75 40m Transition 
17 ENV 7/13/14 12 39.00 125.75 1500m Deep 
18 ENV 7/13/14 Transect 5 39.28 124.81 surface Transition 
19 ENV 7/13/14 Transect 5 39.35 124.71 surface Transition 
20 ENV 7/14/14 Transect 5 39.38 124.66 surface Transition 
21 ENV 7/14/14 Transect 5 39.43 124.54 surface Transition 
22 ENV 7/16/14 21 35.93 121.73 65 m Transition 
23 ENV 7/16/14 21 35.93 121.73 81 m Transition 
24 ENV 7/17/14 22 36.28 122.38 surface Transition 
25 2nd ENV 7/17/14 22 36.28 122.38 surface Transition 
26 PPL 7/17/14 22 36.28 122.38 surface Transition 
27 Envi-carb 7/17/14 22 36.28 122.38 surface Transition 
28 C18 7/17/14 22 36.28 122.38 surface Transition 
29 ENV  7/18/14 25 35.41 123.92 30 m Transition 
30 ENV  7/18/14 25 35.41 123.92 118 m Transition 
31 ENV  7/20/14 Transect 9 42.71 -125.06 surface Transition 
32 ENV  7/20/14 Transect 9 42.87 -125.29 surface Transition 
33 ENV  7/20/14 Transect 9 42.74 -125.46 surface Transition 
34 ENV  7/20/14 Transect 9 42.63 -125.61 surface Transition 
35 ENV  7/20/14 Transect 9 42.51 -125.76 surface Transition 
36 ENV  7/20/14 Transect 9 42.38 -125.92 surface Transition 
37 ENV  7/21/14 28 42.66 125.00 15m Upwelling 
38 ENV  7/21/14 28 42.66 125.00 42m Upwelling 
39 ENV  7/22/14 None 38.89 123.96 surface Transition 
40 2nd ENV 7/22/14 None 38.89 123.96 surface Transition 
41 ENV (after TFF) 7/22/14 None 38.89 123.96 surface Transition 
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Sample ID SPE Resin Date collected Station Latitude Longitude Depth Region 
42 ENV  7/24/14 29 34.30 120.06 15 m SBB- Oxic # 
43 ENV  7/24/14 29 34.30 120.06 100 m SBB- Oxic 
44 ENV  7/24/14 29 34.30 120.06 200 m SBB- Oxic 
45 ENV  7/24/14 29 34.30 120.06 550 m SBB-Anoxic 
46 ENV  7/24/14 29 34.30 120.06 570 m SBB-Anoxic 
 
 
*For two samples, four different solid phase extraction resins were tested: ENV (Agilent, 1g, 
6mL column), PPL (Agilent, 1g, 6mL column), c18 (Agilent, 1g, 6mL column), and Envi-carb 
(Supleco, 0.5g, 6mL column). Grey values indicate replicate samples that were collected from 
the same locations using different extraction methods. 
 
#Region corresponds to sampling location. Upwelling regions were characterized by cold surface 
waters and high surface iron concentrations <12 degrees C, Transition zone was characterized by 
warm surface waters (> 12 degrees C). Santa Barbara Basin (SBB) samples were characterized 
by oxic or anoxic conditions.  
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Table 4: Nutrient and iron concentrations, iron ligand concentrations (Fe bound and total, 
determined by LC-ICPMS), and siderophores detected from CCS samples. 
Sample 
ID 
Nitrate 
(uM) 
Silicate 
(uM) 
dFe 
(nmol/kg) 
FeL conc 
(nM) 
Ltotal conc 
(nM) 
Siderophores detected: 
1 16.37 28.54 2.84 0.094 0.123 Ferrioxamine B 
2 14.20 25.35 3.76 0.094 0.151 Ferrioxamine B 
3 28.50 31.26 4.38 0.109 0.188 None 
4 30.50 41.31 12.16 0.193 0.243 Synechobactins  
5 31.00 41.14 14.81 0.189 0.251 None 
6 31.50 42.36 16.53 0.239 0.301 Synechobactins  
7 8.26 3.36 N/A 0.105 0.160 Amphibactin D, E, H, I 
8 8.26 3.36 N/A 0.089 0.127  
9 8.26 3.36 N/A 0.031 0.031  
10 8.26 3.36 N/A 0.006 0.026  
11 5.16 2.94 0.22 0.087 0.165 Amphibactin S, D, E, H, I 
12 10.02 8.11 0.16 0.077 0.177 Amphibactin S, D, E, H, I 
13 0.08 1.50 0.03 0.064 0.163 Amphibactins E, H, I 
14 0.54 1.84 0.19 0.080 0.197 Amphibactin S, D, E, H, I, 
unknown 709 
15 0.41 1.89 0.25 0.064 0.177 Amphibactin S, D, E, H, I 
16 3.90 2.98 0.03 0.054 0.173 No siderophores 
17 43.94 140.15 1.07 0.091 0.185 Amphibactins S, D , E, H, I  
18 4.23 2.40 N/A N/A N/A unknown 709.371 
19 3.88 2.23 0.14 N/A N/A unknown 709.371 
20 4.85 2.99 0.08 N/A N/A unknown 709.371 
21 5.08 3.26 0.12 N/A N/A Amphibactin S, D, E, H, I,  
unknown 709 
22 17.41 18.43 N/A 0.182 0.206 Amphibactins S, D,E , H, I  
23 21.08 24.19 N/A 0.152 0.243 Amphibactins S, D,E , H, I  
24 N/A N/A N/A 0.175 0.192 Amphibactin S, D, E, H, I,  
unknown 709 
25 N/A N/A N/A 0.047 0.067  
26 N/A N/A N/A 0.077 0.156  
27 N/A N/A N/A 0.028 0.039  
28 N/A N/A N/A 0.062 0.085  
29 0.22 2.08 0.2 0.173 0.190 Amphibactins S, D,E , H, I  
30 18.02 14.49 2.0 0.173 0.311 Amphibactins S, D,E , H, I  
31 19.97 22.74 0.36 0.095 0.201 Amphibactin D, E, H, I,  
unknown 709 
32 2.58 5.19 0.34 0.093 0.304 Amphibactin D, E, H, I,  
unknown 709 
33 15.50 16.73 0.31 0.078 0.214 Amphibactin D, E, H, I,  
unknown 709 
34 10.32 6.78 0.26 0.145 0.169 Amphibactin D, E, H, I,  
unknown 709 
35 6.64 1.79 0.30 0.131 0.184 Amphibactin D, E, H, I,  
unknown 709 
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Sample 
ID 
Nitrate 
(uM) 
Silicate 
(uM) 
dFe 
(nmol/kg) 
FeL conc 
(nM) 
Ltotal conc 
(nM) 
Siderophores detected: 
 
 
36 
4.41 5.10 0.31 0.119 0.181 Amphibactin D, E, H, I,  
unknown 709 
37 17 18.8 0.72 0.153 0.191 None 
38 18.2 19.96 0.53 0.109 0.264 None 
39 N/A N/A N/A 0.065 0.131 Amphibactin S, D, E, H, I 
40 N/A N/A N/A 0.010 0.029  
41 N/A N/A N/A 0.038 0.107  
42 0.02 0.2 4.58 0.109 0.221 None 
43 25.1 29 7.91 0.129 0.240 None 
44 29.5 88.18 11.43 0.127 0.273 None 
45 16.2 104.7 30.38 0.580 0.671 None 
46 10.8 115.9 56.92 0.891 0.930 None 
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Appendix 5.1: Siderophore identification  
 
 
Figure A5.1-1: (top panel) 56Fe LC-ICPMS chromatogram (middle panel) LC-ESIMS extracted 
ion chromatograms for the 54Fe (blue) and 56Fe (orange) containing isotopologues [M+H]+ 
ions. (bottom panel) MS2 fragmentation pattern for the 56Fe [M+H]+ ion. Data collected from 
60m sample, Station 2. 
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Figure A5.1-2: (top panel) 56Fe LC-ICPMS chromatogram (middle panel) LC-ESIMS extracted 
ion chromatograms for the 54Fe (blue) and 56Fe (orange) containing isotopologues [M+H]+ 
ions. (bottom panel) MS2 fragmentation pattern for the 56Fe [M+H]+ ion. Data collected from 
60m sample, Station 2. 
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Figure A5.1-3: (top panel) 56Fe LC-ICPMS chromatogram (middle panel) LC-ESIMS extracted 
ion chromatograms for the 54Fe (blue) and 56Fe (orange) containing isotopologues [M+H]+ 
ions. (bottom panel) MS2 fragmentation pattern for the 56Fe [M+H]+ ion. Data collected from 
81m sample, Station 21. 
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Figure A5.1-4: (top panel) 56Fe LC-ICPMS chromatogram (middle panel) LC-ESIMS extracted 
ion chromatograms for the 54Fe (blue) and 56Fe (orange) containing isotopologues [M+H]+ 
ions. (bottom panel) MS2 fragmentation pattern for the 56Fe [M+H]+ ion. Data collected from 
81m sample, Station 21. 
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Figure A5.1-5: (top panel) 56Fe LC-ICPMS chromatogram (middle panel) LC-ESIMS extracted 
ion chromatograms for the 54Fe (blue) and 56Fe (orange) containing isotopologues [M+H]+ 
ions. (bottom panel) MS2 fragmentation pattern for the 56Fe [M+H]+ ion. Data collected from 
81m sample, Station 21. 
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Figure A5.1-6: (top panel) 56Fe LC-ICPMS chromatogram (middle panel) LC-ESIMS extracted 
ion chromatograms for the 54Fe (blue) and 56Fe (orange) containing isotopologues [M+H]+ 
ions. (bottom panel) MS2 fragmentation pattern for the 56Fe [M+H]+ ion. Data collected from 
surface sample, transect 9-3. 
 
 
 
 
 
 
 
 
 
	 199	
 
 
 
 
 
Figure A5.1-7: Putative identification of ferroxamine B.  (top panel) 56Fe LC-ICPMS 
chromatogram (second panel) LC-ESIMS extracted ion chromatograms for the iron free (apo) 
mass, the 56Fe isotopologues [M+H]+ ion, and the 54Fe isotopologues [M+H]+ ion. Isobaric 
interferences at the mass of 54Fe ferrioxamine B make it difficult to confirm the identity of this 
compound. Data collected from the surface sample, station 2. 
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Appendix 5.2: Halogenated compounds in the upwelling community: 
 
In the surface of the wide shelf region, there is a source of halogenated compounds containing 
bromine and iodine. Numerous bromine containing compounds are highly abundant at 6m, while 
one of these compounds, eluting at 19 min is a dibromo compound that is also present at 20m. 
Diatoms are known to produce haloperoxidases that are capable of brominating other compounds 
within the water column, and it is possible that the nonspecific activity of these enzymes is 
responsible for generating these compounds.[Moore et al., 1996; Amin et al., 2012] However, it 
is unlikely for a dibromo compound to be produced by haloperoxidases, and it is more likely that 
this compound is produced by a more specific biosynthetic pathway.[Agarwal and Moore, 2014; 
Agarwal et al., 2014, 2015] 
 
Several iodine containing compounds also appear in the surface and 20m samples. It is possible 
that they are also produced by haloperoxidases, although the retention times and distribution of 
these iodine coumpounds are significantly different than their bromine counterparts.  
Alternatively, photochemistry has also been implicated in the abiotic formation of iodine 
compounds.[Carpenter, 2003; Méndez-Díaz et al., 2014] Due to the monoisotopic nature of 
iodine, determining their mass within the ESIMS data remains a challenge. 
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Figure A5.2-1: LC-ICPMS chromatograms for halogens (79Br and 127I) from a depth profile near 
the wide continental shelf (station 2). 
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Table A5.2-1: Brominated compounds detected within the wide shelf surface waters 
Retention	Time	(min)	 79Br	m/z	 Identity	
19.3	 564.107	 dibromo,	unknown	
21.1	 382.159	 Unknown	
21.8	 396.211	 Unknown	
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Chapter 6: Compound specific determination of ligand dissociation 
kinetics by isotopic exchange 
Abstract: 
 
Our current understanding of iron speciation in the ocean is based on thermodynamic 
measurements of concentrations and stability constants at chemical equilibrium. Yet iron cycling 
is extremely dynamic, involving iron binding and dissociation from strong binding ligands, 
reduction and oxidation by photochemistry and biology, and uptake/release by cells and 
particles. Kinetic approaches are needed to evaluate the effect of organic ligands on these iron 
cycling processes. Several studies have investigated the rates of iron transformation between 
chemical species using competitive ligand exchange (CLE). CLE has yielded important 
information on bulk ligand association and dissociation rates and suggest that they are quite 
variable throughout the ocean. This variability in exchange kinetics is likely due to differences in 
the composition of the ligand pool. LC-ICPMS has begun to uncover the chemical identity of 
these components, and the next challenge is to connect them to the kinetic and thermodynamic 
iron cycling processes that occur in the ocean. Towards this goal, I developed a novel method for 
determining iron ligand dissociation rates by monitoring the isotopic exchange of natural 56Fe 
with 57Fe using LC-ICPMS. As a preliminary study, dissociation rates were determined for 2nM 
solutions of ferrichrome and ferrioxamine E.  In seawater (pH 8), the dissociation of ferrichrome 
(kd 8.4 x 10-8 s-1) was faster than that of ferrioxamine E (kd 3.4 x 10-8 s-1) although both rates 
were slow overall, with mean lifetimes > 135 days for the iron-bound species. Rates for both 
compounds were 50% slower in qH2O compared with seawater, suggesting that cations in 
seawater accelerate dissociation. Isotope exchange experiments on organic extracts from natural 
seawater indicated that chromatographically unresolved dissolved organic matter (DOM) rapidly 
dissociated from iron while an unknown siderophore with m/z 709 dissociated within 4 days and 
amphibactins dissociated within 12 days. The fast dissociation rates in the concentrated organic 
extracts compared to dilute sewater are likely due to accelerated second order kinetic processes.  
These different dissociation rates reflect different iron binding strengths and indicate that 
isotopic labeling of iron-bound natural ligands within an organic extract requires long 
equilibration times.  
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6.1 Introduction: 
 
Organic complexation controls the solubility, reactivity, and biological availability of many 
transition metals in the ocean, including Fe, Co, Cu, Ni, and Zn. Since the discovery that metal 
concentrations limit biological productivity in large areas of open ocean[Martin et al., 1991, 
1994; De Baar et al., 2005; Boyd et al., 2007], there has been significant interest in 
understanding the role of organic ligands and incorporating them into biogeochemical ocean 
models. Most of the work to characterize these ligands has focused on their concentrations and 
binding strengths. Electrochemical measurements have shed light on the distribution of these 
important organic ligands throughout the ocean by providing estimates of the total concentration 
and conditional stability constants of the compounds in seawater [Vraspir and Butler, 2009]. In 
the case of iron in particular, organic compounds complex over 99% of the dissolved metal [Rue 
and Bruland, 1995, 1997]. Organic ligands are responsible for maintaining dissolved iron stocks 
available for biological uptake that are well above the solubility of inorganic iron species in 
seawater (<80pM) [Kuma et al., 1996, 1998; Liu and Millero, 2002]. Competitive ligand 
exchange experiments have demonstrated that the concentrations and binding strengths for these 
compounds vary extensively throughout the ocean. Surface and coastal waters tend to have 
higher concentrations than the oligotrophic or deep ocean, suggesting that marine organic ligands 
have multiple important sources including biological productivity and terrestrial inputs. 
Furthermore, the conditional iron binding stability constants vary spatially and cover a wide 
range from 10.2-13.6 (log Kcond ) [Gledhill and Buck, 2012; Bundy et al., 2014]. 
 
The dynamic spatial and temporal variability in iron ligand composition is matched by the 
variability in other processes that affect iron cycling Cells take up and release iron and organic 
ligands as they grow and divide or break open from grazing or viral lysis [Boyd et al., 2010, 
2015]. Photochemistry reduces Fe(III) to Fe(II) during the day in the surface ocean [Johnson et 
al., 1994; Kieber et al., 2005].  Atmospheric particle deposition adds new iron to the ocean 
during episodic events [Mahowald and Engelstaedter, 2009; Baker and Croot, 2010; Hayes et 
al., 2015]. These processes often occur on hourly, daily and monthly time scales. Therefore, 
determining the kinetics of iron exchange in seawater is essential for understanding 
biogeochemical iron cycling.  A number of studies have addressed this question using 
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competitive ligand exchange [Wu and Luther, 1995; Witter and Luther, 1998; Witter et al., 2000; 
Gerringa et al., 2007; Croot and Heller, 2012; Laglera and Filella, 2014]. These studies have 
determined the timescales of iron association and dissociation from both model and natural 
ligands. However, the widely varying exchange rates observed in these studies reflect an average 
value measure the exchange rates of individual components that make up the ligand pool and 
evaluate their respective contributions to iron cycling. 
 
More recently, the diversity of iron binding ligands has been revealed by chromatography and 
mass spectrometry based approaches [Macrellis et al., 2001; Gledhill et al., 2004; Mawji et al., 
2008; Velasquez et al., 2011]. These techniques are just beginning to reveal the diverse chemical 
composition of marine ligands (see chapters 4 and 5). They include siderophores, biomolecules 
that are used for the acquisition of iron under iron-stressed conditions, as well as 
chromatographically unresolved dissolved organic matter (DOM) that likely result from the 
degradation of biomolecules into refractory organic compounds with extreme structural 
variability. In other cases, the identity of these compounds is unknown.  A major challenge that 
remains is linking the chemical/structural information obtained by LCMS based approaches to 
the bulk measurements acquired by competitive ligand exchange measurements. This requires 
new ways of determining physical parameters (e.g. binding strength or kinetic constants) of the 
compounds detected by LCMS that can be compared to those determined with competitive 
ligand exchange voltammetry experiments.  Eventually, such information will lead to a better 
understanding of processes and rates such as biological uptake, reduction, precipitation, 
absorption/scavenging associated with specific compounds or compound classes that occur in the 
environment. 
 
In this chapter, I introduce a novel approach for determining compound specific iron dissociation 
rates from a mixed ligand sample based on the exchange of naturally abundant 56Fe with the rare 
57Fe isotope. This method provides a means of determining the dissociation rates of iron ligands 
under close-to-natural seawater conditions and ligand concentrations. Secondly, it provides a 
means to determine the rate at which iron isotopes exchange in concentrated organic extracts. 
This information is important for future studies that seek to label natural iron ligands with a rare 
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or radioactive isotope for biological uptake studies or validation of ligand masses determined by 
electrospray ionization mass spectrometry. 
 
6.2 Exchange kinetics: 
 
Studying compound specific dissociation kinetics in a complex mixture requires a method that 
can independently resolve the amount of metal associated with each species. Chromatography 
coupled with mass spectrometry can achieve the compound specific detection, but is potentially 
subject to changes in speciation during the course of the chromatography (i.e. loss of metal from 
the organic ligand during chromatographic separation).  To circumvent this issue, isotopic 
exchange can be used to determine dissociation kinetics.  In this case, all organic ligands are 
saturated with a metal, and then a rare isotope of the same metal is added in large excess.  
Assuming that the association rate is much faster than dissociation, as is the case for strong iron 
ligands, the rate of isotope exchange is determined by the slow dissociation step. 
 
In order to investigate relative binding strengths of ligands in the complex mixture, isotopically 
enriched iron was added in a large excess over 56Fe, stabilized in solution by citrate. Following 
the kinetic theory of trace metal complexation described by Hering and Morel (1990), for the 
overall reaction: 
 𝐹𝑒𝐿!" + 𝐹𝑒!" ↔ 𝐹𝑒𝐿!" + 𝐹𝑒!"   
 
Iron exchange can proceed via a two-step disjunctive mechanism, in which an iron-ligand 
species dissociates, followed by complexation of a new iron atom. The disjunctive mechanism 
can be written as: 
 𝐹𝑒𝐿!"  𝑘𝑑𝑖𝑠⇄ 𝑘𝑑𝑖𝑠′ 𝐹𝑒!" + 𝐿         (1) 
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𝐹𝑒!" + 𝐿 𝑘𝑑𝑖𝑠!⇄ 𝑘𝑑𝑖𝑠 𝐹𝑒𝐿!"          (2) 
 
Where kdis and kdis’ are apparent disjunctive dissociation and association rates at a given pH and 
salinity. 
   
Alternatively, the reaction can follow an adjunctive mechanism involving the formation of a 
ternary complex as an intermediate: 
 
𝐹𝑒𝐿!" + 𝐹𝑒!" ′𝑘!"#,!"⇄ 𝑘!"#,!"′ 𝐹𝑒𝐿!" + 𝐹𝑒!" ′       (3) 
 
Or it could take place as an adjunctive dissociation involving slow competition from another 
ligand in solution (Ln), such as citrate (4), followed by a fast second order mechanism of iron 
association (2). 
 
𝐹𝑒!" 𝐿 + 𝐿𝑛 𝑘!"#,!"⇄ 𝑘!"#,!"′ 𝐹𝑒!" 𝐿𝑛 + 𝐿       (4) 
 
When an isotopically enriched 57Fe spike is added to a sample containing a strong ligand L, the 
concentration of 56FeL will decrease as the ligand exchanges 56Fe for 57Fe. This process depends 
on the mole fraction of 56Fe/Fetotal (f56Fe) of the ambient iron pool that is exchanging with L. 
When [57Fe’] >> [56Fe’] (i.e. f56Fe is small) and [56FeL] >> [57FeL] (i.e. the initial reaction rate is 
considered), the dissociation of 56FeL is much faster than its formation and the back reaction of 
57FeL to 56FeL can be ignored.  We can describe the loss rate of 56FeL by the following equation 
derived from equations (1), (3), and (4): 
 !!"!"#!" = 1− 𝑓!"!" −𝑘!"# 𝐹𝑒𝐿!" − 𝑘!"#,!" 𝐹𝑒𝐿!" 𝐹𝑒! − 𝑘!"#,!" 𝐹𝑒𝐿!" Ln    (5) 
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The first term (1-f56Fe) takes into account the events where 56Fe is exchanged for another 56Fe 
rather than 57Fe. In the case where the concentration of the added iron isotope spike is much 
greater than the concentration of 56FeL, the dissociation of 56FeL will have little effect on f56Fe. 
Thus, f56Fe can be assumed to be constant with time and equal to f56Fe of the 57Fe enriched spike.  
 
Assuming steady state for [Fe’] and [Ln], a pseudo-first order kinetic equation can be written to 
describe the overall kinetics of Fe dissociation: 
 !!"!"#!" = (1− 𝑓!"!") −𝑘!"#— 𝑘!"#,!" 𝐹𝑒! − 𝑘!"#,!" Ln  𝐹𝑒𝐿!"    (6) 
 
Where we can define kd as the apparent dissociation rate for the metal ligand complex: 
 !!"!"#!" = −(1− 𝑓!"!")𝑘![ 𝐹𝑒𝐿!" ]        (7) 
 𝑘! =  𝑘!"# + 𝑘!"#,!" 𝐹𝑒! + 𝑘!"#,!" Ln       (8) 
 
Note that additional adjunctive terms can be added to the pseudo first order rate constant if 
higher order processes or more than one metal or ligand may be involved in additional 
dissociative pathways.  
  
Equation (8) illustrates that the observed dissociation rate (kd) determined using isotope 
exchange with 57Fe-citrate is likely faster than the rates in natural seawater due to the addition of 
adjunctive pathways for iron dissociation from the added metal and citrate. However, these 
adjunctive mechanisms could be constrained in future studies by measuring dissociation rates 
with different metal/ligand concentrations added. Furthermore, fast equilibrating protonated 
species and side reaction coefficients could be expressed explicitly in these equations to compare 
studies at different pH or ionic strength. For now, the pseudo-first order rates are sufficient to 
determine upper bounds on the dissociation rate of metals and start to investigate binding 
strength differences between components.  
 
	 209	
The integrated form of the pseudo-first order equation (7) yields: 
 𝐹𝑒𝐿!" = 𝐹𝑒𝐿!" !"!#!$% ∗ 𝑒!(!!!!"!")!!!      (9) 
 
Dividing (9) by the total ligand concentration [Ltotal] gives: 
 !"#!"!"#"$% = !"#!"!"#"$% !"!#!$% ∗ 𝑒!(!!!!"!")!!!      (10) 
 
In the described system, where iron ligands are strong and specific, it can be assumed that Ltotal = 
56FeL + 57FeL. Thus, kd can be calculated from a logarithmic plot of 56FeL/(56FeL + 57FeL) over 
time. The determination of the isotopic ratio 56FeL/(56FeL + 57FeL) by LC-ICPMS is a robust 
measurement that is not impacted by iron loss during extraction or chromatography, and does not 
vary with changes in instrument sensitivity. Although mass biases do affect isotopic ratios 
determined by LC-ICPMS, these factors are very small compared to the changes that are 
measured in this study. 
 
6.3 Methods: 
 
6.3.1 Materials and reagents: 
 
High purity water (18.2 MO cm, qH2O) and LCMS grade methanol (MeOH) were used in this 
study. The methanol was redistilled in a polytetrafluoroethylene (PTFE) still to remove the iron 
blank, LCMS grade ammonium formate (Optima, Fisher scientific) was used in chromatographic 
solvents. Polycarbonate carboys and PTFE tubing for sample collection and solid phase 
extraction (SPE) were soaked overnight in 0.1% detergent (Citranox), rinsed with qH2O, and 
soaked for 1 day in 1N HCl (trace metal grade, Fisher Scientific) before a final qH2O rinse. 
Stock solutions of ferrichrome, ferrioxamine E and cyanocobalamin (Sigma Aldrich) were 
prepared in qH2O. To prepare the 57Fe citrate stock solution, 57Fe oxide (Cambridge Isotope 
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Laboratories) was dissolved in concentrated HCl (trace metal grade), and was diluted to 4µM Fe 
in a 1mM citrate solution prepared from sodium citrate dihydrate (Fisher scientific) in qH2O. 
 
6.3.2 Sample collection: 
 
The sample used for the natural iron exchange rate experiment was obtained from the California 
current system in July 2014 on the IRNBRU cruise from 39.43°N, 124.54°W. A volume of 20L 
was collected from 3m depth while transiting using a trace metal clean GeoFish sampling system 
and filtered through a 0.2µm polyethersulfone capsule filter into a 20L polycarbonate carboy. 
Organic compounds were extracted from the seawater onto solid phase extraction resin columns 
(1g, ENV) at a rate of 15mL/min using a peristaltic pump equipped with polytetraflouroethylene 
(PTFE) and platinum-cured silicone tubing. Prior to use, the columns were primed with 5mL 
MeOH, rinsed with 10mL pH 2 qH2O (acidified with trace metal grade HCl), and conditioned 
with 10mL qH2O. The column was rinsed with 10mL of qH2O after extraction to remove excess 
salt and was frozen onboard.  The column was thawed and eluted with 6mL MeOH and added 
10µL of a 50µM cycanocobalamin stock solution as an internal standard. This extract was 
concentrated to 2mL under a stream of N2 gas. 
 
6.3.3 Fe exchange from model compounds under marine conditions: 
 
Two solutions containing 2nM each of ferrioxamine E, ferrichrome, and cyanocobalamin (added 
to monitor ICPMS sensitivity) were prepared in two 60mL PTFE bottles, one containing 50mL 
qH2O and another containing 50mL filtered seawater collected with a trace metal clean pump 
from the South Pacific Ocean. To each bottle, 1mL of a 57Fe citrate stock solution (5mM sodium 
citrate dihydrate plus 4µM of a 57Fe stock solution) was added. The solutions were filter 
sterilized through a 0.2µM polyethersulfone syringe filter (Millipore) into microwave sterilized 
polycarbonate bottles and incubated in the dark.  f56Fe for the bulk solution was measured by 
ICPMS to be 0.11. For each time point, 4mL of each sample was passed through a 100mg C18 
SPE column (Agilent Bond Elut) that had been primed with MeOH and rinsed with qH2O. After 
extracting the compounds, the columns were rinsed with 1mL qH2O to remove salts and excess 
57Fe citrate, which is not captured by the column, and were stored at -20°C until analyzed to 
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prevent further isotopic exchange between the trapped iron species. Time points were collected 
over the course of 235 days. Samples were thawed and eluted with 0.8 mL of MeOH. The 
solvent was removed by vacuum centrifugation (Savant speedvac), and samples were brought up 
in a final volume of 150µL with qH2O. All analysis were made within one day to minimize the 
chance for continued iron exchange between eluted species.  
 
Organic extracts were separated on a bioinert high pressure liquid chromatography (HPLC) 
system (Dionex Ultimate 3000) fitted with a C18 column (Hamilton, 2.1x150mm, 3µm particle 
size) and polyetheretherketone (PEEK) tubing and connectors. The sample was eluted with (A) 
5mM aqueous ammonium formate and (B) 5mM ammonium formate in distilled MeOH using a 
12 minute gradient from 10-60% B, followed by isocratic elution at 60% B for 5 minutes at a 
flow rate of 0.2mL/min. 50µL/min of the eluent flow was directed to a quadruople ICPMS 
(Thermo iCAPq) by a post column PEEK tee. O2 gas (25mL/min) was added to the plasma to 
completely oxidize the organic solvent. Data was collected in kinetic energy discrimination 
mode monitoring 56Fe, 57Fe, and 59Co with a dwell time of 0.1 seconds using 4.5 mL/min He as a 
collision gas to remove the ArO+ interference on 56Fe. Chromatographic peak areas were 
determined using a house made script in R. A linear regression was fit to a plot of 
ln(56Fe/(56Fe+57Fe)) versus time for each compound and treatment. Values of kd presented in 
Table 1 were calculated from the slope coefficient and the standard error of the slope.    
 
6.3.4 Fe exchange of natural organic ligands: 
 
To investigate Fe exchange by natural organic ligands from seawater, 40µL of the 57Fe citrate 
stock solution was mixed with 160µL of the concentrated organic extract from the California 
coast in a 250µL autosampler vial insert (Agilent Scientific). This sample was analyzed by LC-
ICPMS after incubating at 25°C for 30 minutes, 4 days, and 10 days using a bioinert liquid 
chromatography system (Agilent 1260 Series) and a quadrupole ICPMS as described above, but 
using a 20 minute gradient from 5-95%B, followed by a 10 minute isocratic elution at 95% B. 
56Fe, 57Fe and 59Co were monitored with dwell times of 0.05 seconds.  
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6.4 Results and discussion: 
 
6.4.1 Fe exchange for model compounds under marine conditions: 
 
The exchange kinetics of the model siderophores ferrichrome and ferrioxamine E were studied in 
both seawater (pH 8) and qH2O (pH 5), in order to compare to previous studies on these ligands 
[Witter et al., 2000].  The ideal experiment for determining environmentally relevant dissociation 
rates would be conducted under conditions that represent seawater ionic strength, pH, and ligand 
concentrations so that the resulting apparent dissociation rates would inform rates of iron cycling 
in the marine environment. LC-ICPMS can be used to monitor ligand isotope exchange under 
these conditions by including an extraction step to preconcentrate the organic ligands of interest 
(Fig. 6.1, 6.2). Although the 57Fe spike was associated with a 100-fold excess of citrate as a 
stabilizing ligand, citrate has a weak conditional stability constant relative to the model 
siderophores. Thus, the excess citrate maintained a high concentration of soluble iron but had 
little impact on the competition for iron bound by strong natural ligands.   
 
Samples were collected at time points spanning 235 days by extracting the siderophores from the 
solution onto a C18 resin column, removing excess Fe-citrate and preventing continued isotopic 
exchange. Although care was taken to ensure no further isotope exchange at sampling time 
points and during the chromatography, iron may still dissociate from the ligands during sample 
preparation, and there is likely a mass dependent isotopic fractionation associated with this. 
However, these fractionation effects are much smaller than the analytical uncertainty of the iron 
measurements in this study (5-10%) and the large isotopic changes that were measured from the 
57Fe enriched samples. Furthermore, the use of isotopic ratios to determine metal exchange rates 
effectively eliminates the effect of changes in ICPMS signal intensity over the course of analysis. 
 
Using this method, dissociation rates for ferrichrome and ferrioxamine E were determined in 
both qH2O and seawater (Fig. 6.3, Table 1). The dissociation of ferrichrome was faster than that 
of ferrioxamine E under both conditions, which is consistent with the higher affinity of 
ferrioxamine E for iron [Raymond et al., 1984]. The kd values obtained in seawater are in good 
agreement with previously published values from Witter et al., 2000 (shown in Table 1), which 
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used electrochemical methods to monitor the competitive ligand exchange rate between 1-
nitroso-2-naphthol (1N2N) and iron bound to individual siderophores in seawater. With this 
method, the dissociation constant is determined by dividing the observed dissociation rate (which 
is likely driven by second order adjunctive kinetics in those experiments) by the concentration of 
the added ligand. The competitive ligand exchange approach from these previous studies [Wu 
and Luther, 1995; Witter et al., 2000] measured the pseudo first order dissociation constant of 
the siderophore at the experimental 1N2N concentration by dividing the observed dissociation 
rate by the 1N2N concentration, rather than the true first order disjunctive kinetic constant. The 
isotopic exchange approach described here represents an upper bound on environmental 
exchange kinetics, because it assumes that the adjunctive exchange pathways introduced by the 
addition of iron and citrate are negligible. Despite these differences, the close agreement between 
the kd values determined by the competitive ligand exchange approach and the isotopic exchange 
approach is encouraging. In future studies, it will be possible to separate the adjunctive and 
disjunctive rates of iron isotope exchange by measuring observed rates at multiple citrate 
concentrations. 
 
For both siderophores, faster dissociation kinetics were observed in seawater at pH 8 compared 
with qH2O at pH 5. This is consistent with the weaker stability constants of siderophores in 
seawater versus freshwater [Gledhill and Buck, 2012]. One possibility is that the lower pH in the 
qH2O treatment was responsible for the slower dissociation kinetics. However, previous studies 
have observed accelerated kinetics of ligand exchange between hydroxamate siderophores at 
lower pH, suggesting a role for hydrogen ions in facilitating the release of ligands from the inner 
coordination sphere of iron [Raymond et al., 1984]. Instead, it is possible that the high ionic 
strength of seawater (0.7 M) compared to qH2O induces changes in the activity of iron and 
siderophores, resulting in faster kinetics. As one potential mechanism, cations in seawater may 
facilitate iron exchange much like H+ by releasing a ligand from the inner coordination sphere of 
the metal. While the dissociation of iron from hydroxamate siderophores is accelerated at high 
ionic strength, the association rate may be reduced. The exchange of iron from citrate to 
ferrioxamine B decreases at higher concentrations of NaCl [Ito et al., 2015]. Ito et al. 2015 
demonstrated that NaCl inhibits the adjunctive pathway by slowing the direct association of 
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ferrioxamine B with the mono-citrate complex.  Thus, salinity has a dual effect on decreasing the 
efficacy of hydroxamate siderophores as iron binding chelates.  
 
These results demonstrate that iron bound by ferrioxamine B and ferrichrome is not readily 
exchanged in dilute seawater, and that the turnover times of iron within these chelates exceed 
135 days. In nature, photochemical or biological reductive mechanisms or other strong ligands 
may be responsible for enhancing the dissociation of iron from hydroxamate siderophores [Croot 
and Heller, 2012; Miethke, 2013].   
 
The results for model compounds demonstrate that 57Fe exchange monitored by mass 
spectrometry is a robust approach for determining metal dissociation kinetics. One of the primary 
advantages of this method is that it provides a compound specific dissociation rate of each 
component in a mixture such as natural seawater, whereas competitive ligand exchange provides 
a single measurement that reflects a combination of dissociation kinetics for all ligands. Thus, 
the mass spectrometry approach can be used to measure interactions and relative kinetics of 
multiple chelators within a single experiment. These kinetic measurements are related to ligand 
binding strength, which could potentially be used to determine the strength of unknown ligands 
through the principal of microscopic reversibility if the association rate can be measured or 
estimated. Another major benefit is that iron exchange can be monitored in very dilute solutions 
including natural seawater.  Less than 1 picomole of compound is needed for each measurement. 
Extraction volumes can be scaled to liter quantities for natural seawater samples containing 
picomolar concentrations of organic ligand. This will enable the determination of 
environmentally relevant rates of iron dissociation that can be used in kinetic biogeochemical 
models of iron cycling.  
 
The major current drawback of this approach is the long analysis time for each measurement 
(extraction/preconcentration time plus 30-60 min per time point). As a result, it is only applicable 
to monitoring species with slow exchange rates (>1hr), such as siderophores. Future 
methodological improvements could use ultrahigh pressure chromatography to achieve the same 
separation within minutes. Another potential source of error in this method is that the 
preconcentrated ligands are capable of exchanging iron with each other, which would drive the 
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isotopic composition of each compound (and thus the calculated dissociation rates) closer 
together. One advantage of analyzing strong hydroxamate siderophores is that the adjunctive 
mechanisms are slow relative to the timescale of analysis. Earlier studies found that the exchange 
of iron between concentrated (4mM) siderophores ferrioxamine B and ferrichrome is only 50% 
complete after 220 hours of incubation at 25°C and pH 7.4 [Raymond et al., 1984]. For analyzing 
more labile species, this source of error can be minimized by analyzing samples soon after 
extraction.   
 
6.4.2 Fe exchange of natural organic ligands: 
 
As a first application of this method, I investigated the iron exchange rates of organic extracts 
from the California Current System, described in the previous chapter. In the surface waters of 
the upwelling transition zone, there were samples that contained a mixture of unresolved 
dissolved organic matter (DOM), known siderophores (amphibactins), and an unknown iron 
binding ligand with m/z 709. A 57Fe exchange experiments were performed in order to gain 
insight into the relative binding strengths of these compounds and the timescales required for 
incorporation of an isotopic label. A large excess of 57Fe citrate was added to the concentrated 
organic extract and was allowed to exchange with the natural seawater ligands for 30 minutes, 4 
days, and 10 days before analysis by LC-ICPMS.  56Fe/Fetotal ratios were determined for the 
unresolved DOM eluting between 6 to 22 minutes, the amphibactins eluting between 25-28 
minutes, and the unknown siderophore with m/z 709 eluting between 28.2-29 minutes (Fig. 6.4).  
 
The chromatographically unresolved organic matter had a significantly slower dissociation rate 
than the siderophores. By the first timepoint (30 minutes), over half of this pool had exchanged 
56Fe for 57Fe (Fig. 6.4).  The siderophores took longer, with the 709 m/z compound exchanging 
within 4 days and the amphibactins exchanging within 12 days.  Since the dissociation kinetics 
for each compound are inversely related to the stability of the iron bound form, this result 
suggests that the unresolved compounds have a weaker affinity for iron compared with the 
amphibactins and the 709 m/z siderophore.  Furthermore, the amphibactins are stronger 
siderophores than the 709 m/z compound, which may determine their relative effectiveness of 
acquiring iron under conditions of scarcity. 
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The results from this study reflect iron exchange rates within the organic extract. The low salt 
concentration in the extract likely slows the iron dissociation rate relative to seawater conditions, 
as described above for the model siderophores. However, the preconcentrated organic extract 
also contained significantly higher concentrations of natural iron ligands (10,000x seawater) plus 
0.2mM of citrate. These high concentrations can potentially greatly accelerate the rates of iron 
exchange by adjunctive mechanisms. As a result, the rates of iron exchange for these compounds 
may be much slower under natural conditions compared to the rates observed here. Despite this 
caveat, the rates observed in this study may be considered a lower bound to dissociation rates in 
the environment and suggest slow dissociation (on the order of days) for naturally occurring 
siderophores. This is consistent with our results for well-defined siderophores (above) and 
previous reports on the dissociation kinetics of siderophores. In contrast, unresolved DOM 
exchanges much faster (minutes to hours). These weaker compounds may be the same weak 
ligands (e.g. humic and fulvic acids, acidic polysaccharides) that are commonly measured in 
seawater by electrochemical methods [Gledhill and Buck, 2012]. In both our studies using LC-
ICPMS and the electrochemical studies using competitive ligand exchange, the weaker ligands 
tend to be the most abundant fraction of the ligand pool. Future experiments are needed to 
directly link the structural compound classes detected by LC-ICPMS (unresolved DOM, 
siderophores) to compound classes determined by binding strength determined by 
electrochemical competitive ligand exchange measurements (L1, L2). This can be achieved by 
isolating fractions of unresolved DOM and unknown siderophores by liquid chromatography and 
determine the binding strength of each component in seawater using electrochemical 
measurements.  
 
6.5 Conclusions: 
 
The mechanisms that underlie the kinetics of metal exchange in seawater are extraordinarily 
complex due to the diverse nature of iron binding ligands and cations. Simplified laboratory 
experiments have been instrumental to the development of mechanistic models, of metal 
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exchange in natural waters [Hering and Morel, 1989, 1990]. To validate these models, methods 
are needed to observe these rates under close-to-natural conditions.   
 
Prior to this work, electrochemical experiments have been one of the only means of 
experimentally examining the chemical properties of natural metal complexes in marine 
environments. Here, we have described a novel mass spectrometry based approach that validates 
and expands upon these prior studies of the properties of natural ocean ligands. The use of 
isotopic exchange monitored by LC-ICPMS is unique in that exchange rates for multiple ligands 
can be determined independently within a single analysis, making it possible to track individual 
components of a complex environmental sample.  
 
The results from this study demonstrate that the hydroxamate siderophores ferrioxamine E and 
ferrichrome have very slow dissociation kinetics in seawater in the absence of biological and 
photochemical mechanisms, suggesting that once bound to siderophores, microbes can only 
access this iron by active uptake through dedicated membrane receptors or by iron reduction. 
Further work is needed to carefully investigate the role of second order disjunctive mechanisms 
and the potential role of weaker binding molecules as iron shuttles to facilitate removal of iron 
from strong complexes. These processes may be important even in dilute seawater, and can be 
studied by varying the concentration of iron, citrate, and natural ligands added to a sample during 
incubation. 
 
This work also demonstrates that long equilibration times are needed to label the strongest 
naturally occurring ligands with rare or radioactive isotopes of iron for incubation and uptake 
experiments if the ligands from seawater are fully saturated with iron. For weak iron binding 
compounds such as unresolved DOM, several hours is sufficient. Stronger complexes such as 
amphibactins require longer time periods of days to weeks. Finally, this method is useful for 
investigating the relative metal binding strengths of compounds isolated from seawater - an 
important characteristic that is unobtainable by other methods. Since many isotopes of many 
different metals can be detected in a single run, this method also opens opportunity to investigate 
rates of metal substitution and competition (e.g. copper and iron) for each component of natural 
organic ligands.  
	 218	
6.6 References: 
 
De Baar, H., P. Boyd, K. Coale, and M. Landry (2005), Synthesis of iron fertilization 
experiments: From the Iron Age in the Age of Enlightenment, J. Geophys. Res, 110(C9), 1–
24, doi:10.1029/2004JC002601. 
Baker, A. R., and P. L. Croot (2010), Atmospheric and marine controls on aerosol iron solubility 
in seawater, Mar. Chem., 120(1-4), 4–13, doi:10.1016/j.marchem.2008.09.003. 
Boyd, P. W. et al. (2007), Mesoscale Iron Enrichment Experiments 1993–2005: Synthesis and 
Future Directions, Science, 315(February), 612–617. 
Boyd, P. W., E. Ibisanmi, S. G. Sander, K. a. Hunter, and G. a. Jackson (2010), Remineralization 
of upper ocean particles: Implications for iron biogeochemistry, Limnol. Oceanogr., 55(3), 
1271–1288, doi:10.4319/lo.2010.55.3.1271. 
Boyd, P. W., R. F. Strzepek, M. J. Ellwood, D. A. Hutchins, S. D. Nodder, B. S. Twining, and S. 
W. Wilhelm (2015), Why are biotic iron pools uniform across high- and low-iron pelagic 
ecosystems?, Global Biogeochem. Cycles, 29(7), 1028–1043, doi:10.1002/2014GB005014. 
Bundy, R. M., D. V Biller, K. N. Buck, K. W. Bruland, and K. A. Barbeau (2014), Distinct pools 
of dissolved iron-binding ligands in the surface and benthic boundary layer of the California 
Current, Limnol. Oceanogr., 59(3), 769–787, doi:10.4319/lo.2014.59.3.0769. 
Croot, P. L., and M. I. Heller (2012), The importance of kinetics and redox in the 
biogeochemical cycling of iron in the surface ocean, Front. Microbiol., 3(June), 1–15, 
doi:10.3389/fmicb.2012.00219. 
Gerringa, L. J. A., M. J. A. Rijkenberg, H. T. Wolterbeek, T. G. Verburg, M. Boye, and H. J. W. 
de Baar (2007), Kinetic study reveals weak Fe-binding ligand, which affects the solubility 
of Fe in the Scheldt estuary, Mar. Chem., 103(1-2), 30–45, 
doi:10.1016/j.marchem.2006.06.002. 
Gledhill, M., and K. N. Buck (2012), The organic complexation of iron in the marine 
environment: a review., Front. Microbiol., 3, 1–17, doi:10.3389/fmicb.2012.00069. 
Gledhill, M., P. McCormack, S. Ussher, E. P. Achterberg, R. F. C. Mantoura, and P. J. Worsfold 
(2004), Production of siderophore type chelates by mixed bacterioplankton populations in 
nutrient enriched seawater incubations, Mar. Chem., 88(1-2), 75–83, 
doi:10.1016/j.marchem.2004.03.003. 
Hayes, C. T., J. N. Fitzsimmons, E. A. Boyle, D. McGee, R. F. Anderson, R. Weisend, and P. L. 
Morton (2015), Thorium isotopes tracing the iron cycle at the Hawaii Ocean Time-series 
Station ALOHA, Geochim. Cosmochim. Acta, 169, 1–16, doi:10.1016/j.gca.2015.07.019. 
	 219	
Hering, J., and F. Morel (1990), Kinetics of trace metal complexation: ligand-exchange 
reactions, Environ. Sci. Technol., 252(9), 242–252, doi:0013-936X/90/0924-0242. 
Hering, J. G., and F. M. M. Morel (1989), Slow coordination reactions in seawater, Geochim. 
Cosmochim. Acta, 53(3), 611–618, doi:10.1016/0016-7037(89)90004-5. 
Ito, H., M. Fujii, Y. Masago, T. D. Waite, and T. Omura (2015), Effect of ionic strength on 
ligand exchange kinetics between a mononuclear ferric citrate complex and siderophore 
desferrioxamine B, Geochim. Cosmochim. Acta, doi:10.1016/j.gca.2015.01.020. 
Johnson, K., K. Coale, V. Elrod, and N. Tindale (1994), Iron photochemistry in seawater from 
the equatorial Pacific, Mar. Chem., 46, 319–334. 
Kieber, R. J., S. a Skrabal, B. J. Smith, and J. D. Willey (2005), Organic complexation of Fe(II) 
and its impact on the redox cycling of iron in rain., Environ. Sci. Technol., 39(6), 1576–83. 
Kuma, K., J. Nishioka, and K. Matsunaga (1996), Controls on iron(III) hydroxide solubility in 
seawater: The influence of pH and natural organic chelators, Limnol. Oceanogr., 41(3), 
396–407, doi:10.4319/lo.1996.41.3.0396. 
Kuma, K., A. Katsumoto, H. Kawakami, F. Takatori, and K. Matsunaga (1998), Spatial 
variability of Fe(III) hydroxide solubility in the water column of the northern North Pacific 
Ocean, Deep - Sea Res. Part I - Oceanogr. Res. Pap., 45(1), 91–113, doi:10.1016/S0967-
0637(97)00067-8. 
Laglera, L. M., and M. Filella (2014), The relevance of ligand exchange kinetics in the 
measurement of iron speciation by CLE–AdCSV in seawater, Mar. Chem., 
doi:10.1016/j.marchem.2014.09.005. 
Liu, X., and F. Millero (2002), The solubility of iron in seawater, Mar. Chem., 77, 43–54. 
Macrellis, H. M., C. G. Trick, E. L. Rue, G. Smith, and K. W. Bruland (2001), Collection and 
detection of natural iron-binding ligands from seawater, Mar. Chem., 76(3), 175–187, 
doi:10.1016/S0304-4203(01)00061-5. 
Mahowald, N., and S. Engelstaedter (2009), Atmospheric Iron Deposition: Global Distribution, 
Variability, and Human Perturbations*, Ann. Rev. Mar. Sci., 1, 245–78, 
doi:10.1146/annurev.marine.010908.163727. 
Martin, J. H., R. M. Gordon, and S. E. Fitzwater (1991), The case for iron, Limnol. Oceanogr., 
36(8), 1793–1802. 
Martin, J. H. et al. (1994), Testing the iron hypothesis in ecosystems of the equatorial Pacific 
Ocean, Nature, 371(6493), 123–129. 
Mawji, E., M. Gledhill, J. A. Milton, G. A. Tarran, S. Ussher, A. Thompson, G. A. Wolff, P. J. 
	 220	
Worsfold, and E. P. Achterberg (2008), Hydroxamate siderophores: occurrence and 
importance in the Atlantic Ocean., Environ. Sci. Technol., 42(23), 8675–80. 
Miethke, M. (2013), Molecular strategies of microbial iron assimilation: from high-affinity 
complexes to cofactor assembly systems., Metallomics, 5(1), 15–28, 
doi:10.1039/c2mt20193c. 
Raymond, K. N., G. Mueller, B. Matzanke, and G. Müller (1984), Complexation of iron by 
siderophores a review of their solution and structural chemistry and biological function, 
Struct. Chem., 123, 49–102, doi:10.1021/ba-1977-0162.ch002. 
Rue, E., and K. Bruland (1995), Complexation of iron(III) by natural organic ligands in the 
Central North Pacific as determined by a new competitive ligand equilibration/adsorptive 
cathodic stripping voltammetric method, Mar. Chem., 50(1-4), 117–138, doi:10.1016/0304-
4203(95)00031-L. 
Rue, E. L., and K. W. Bruland (1997), The role of organic complexation on ambient iron 
chemistry in the equatorial Pacific Ocean and the response of a mesoscale iron addition 
experiment, Limnol. Oceanogr., 42(5), 901–910, doi:10.4319/lo.1997.42.5.0901. 
Velasquez, I., B. L. Nunn, E. Ibisanmi, D. R. Goodlett, K. A. Hunter, and S. G. Sander (2011), 
Detection of hydroxamate siderophores in coastal and Sub-Antarctic waters off the South 
Eastern Coast of New Zealand, Mar. Chem., 126(1-4), 97–107, 
doi:10.1016/j.marchem.2011.04.003. 
Vraspir, J. M., and A. Butler (2009), Chemistry of Marine Ligands and Siderophores, Ann. Rev. 
Mar. Sci., 1(1), 43–63, doi:10.1146/annurev.marine.010908.163712. 
Witter, A. E., and G. W. Luther (1998), Variation in Fe-organic complexation with depth in the 
Northwestern Atlantic Ocean as determined using a kinetic approach, Mar. Chem., 62(3-4), 
241–258, doi:10.1016/S0304-4203(98)00044-9. 
Witter, A. E., D. A. Hutchins, A. Butler, and G. W. L. Iii (2000), Determination of conditional 
stability constants and kinetic constants for strong model Fe-binding ligands in seawater, 
Mar. Chem., 1–17. 
Wu, J., and G. Luther (1995), Complexation of Fe(III) by natural organic ligands in the 
Northwest Atlantic Ocean by a competitive ligand equilibration method and a kinetic 
approach, Mar. Chem., 50(1-4), 159–177, doi:10.1016/0304-4203(95)00033-N. 
 
 
 
 
	 221	
6.7 Figures: 
 
 
 
 
Figure 6.1: Seawater exchange: LC-ICPMS separation and detection of ferrichrome and 
ferrioxamine E extracted from seawater incubations with excess 57Fe added. Note that the 
samples from 0 and 20 days were analyzed at a different time than the other four samples using a 
different LC column, hence the differences in peak shape, sensitivity, and retention time 
compared to the other four samples.  Over time, 56Fe is lost from the compounds and replaced 
with 57Fe. 
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Figure 6.2: H2O exchange: LC-ICPMS separation and detection of ferrichrome and ferrioxamine 
E extracted from water incubations with excess 57Fe added. The dissociation kinetics were 
slower in water compared with seawater. 
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Figure 6.3: Isotopic ratios of ferrichrome and ferrioxamine E over time measured by LC-ICPMS 
during an incubation with 57Fe citrate in either seawater or qH2O.  An exponential decay curve 
(gray line) in the form of equation 9 was fit to the data to determine the dissociation constants of 
each compound under each condition. 
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Figure 6.4: (a) Separation of natural iron ligands by LC-ICPMS over the course of isotopic 
exchange with 57Fe-citrate. Over time, 56Fe dissociates from the natural ligands and is replaced 
with 57Fe. (b) 56Fe fraction associated with each component of the natural ligand sample over 
time. The relative dissociation rates for these compounds suggest that the iron binding strength 
with iron is greatest for amphibactin, followed by the unknown siderophore (709 m/z), and that 
the unresolved DOM has a comparatively weaker iron affinity. 
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Table 6.1: Siderophore dissociation rates 
Conditions Siderophore 
kd (s-1) 
x 10-8 
std error (s-1)   
x 10-8 
published a kd  
(s-1) x 10-8 
     Seawater  
pH 8 Ferrichrome 8.4 0.095 5±4 
 
Ferrioxamine E 3.4 0.037 
 
 
Ferrioxamine B 
  
150±180 
     qH2O  
pH 5 Ferrichrome 4.2 0.55 
 
 
Ferrioxamine E 1.6 0.084 
 a Witter et. al. 2000 
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Chapter 7: Conclusions and Future Directions 
7.1 Summary 
 
The organic speciation of trace metals in the ocean has remained one of the major uncertainties 
in our understanding of metal fluxes in the ocean and the links between metal and carbon 
cycling. To address this challenge, there has been a significant need for methods that are capable 
of determining the molecular level composition of metal binding ligands directly from 
environmental samples. While numerous studies provide indirect evidence that strong iron 
ligands/siderophores exist and impact biological processes in iron deficient regions of the ocean 
characterized by high nitrate and phosphate, there has yet to be a study that provides direct 
characterization of the identity of these compounds. Progress has historically been limited by the 
insufficient sensitivity of characterization techniques when applied to the oligotrophic surface 
ocean.  
 
The methodological arsenal presented in this thesis has overcome this challenge and provided 
new insight into the chemical processes that link microbial communities to marine iron cycling. 
New trace metal clean chromatography methods coupled with inductively coupled plasma mass 
spectrometry (ICPMS) enable the quantification of 10-13 mole of iron binding ligand by 
eliminating high methodological contamination. This has made it possible for the first time to 
detect and quantify bound versus unbound concentrations of specific iron binding siderophores 
present in natural seawater. This method generates molecular targets of interest and guides their 
structural characterization by high resolution electrospray ionization mass spectrometry (ESIMS) 
techniques.  The isotope pattern screening algorithms introduced in chapter 3 provides a rapid 
means for determining the ionic mass of the intact metal complexes, which can then be targeted 
for MS2 fragmentation to obtain a diagnostic fingerprint of these compounds that can be 
compared to compound libraries. In many cases, the isotopologues of metal containing 
compounds are poorly resolved in ESIMS scans due to their low abundance and ion suppression 
effects of complex samples. At the same time, complex samples often have coeluting features 
that happen to mimic metal isotope patterns (false positives). These effects make it very 
challenging to confidently assign masses to each feature detected by LC-ICPMS, particularly 
when the compounds are unknown and cannot be verified by MS2 fragmentation patterns. The 
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rare-isotope exchange methods introduced in chapters 4 and 6 provide an essential means for 
validating these masses, enabling confident characterization of novel compounds directly from 
seawater. Monitoring the kinetics of isotope exchange by LC-ICPMS has also proven to be a 
useful approach for comparing the relative metal binding strengths of natural siderophores in 
seawater, even when their absolute identity is unknown. 
 
Applying these methods to sites across the ocean has demonstrated for the first time the diversity 
of siderophores across major biomes of the Pacific Ocean. Of note, amphibactins were identified 
as a common feature of iron starved high nitrate waters associated with coastal upwelling regions 
in the Pacific Ocean. Based on these results, it seems likely that siderophore mediated iron 
acquisition pathways are particularly important in iron-deficient regions of the ocean where 
dissolved iron concentrations are low (<0.2nM) and dissolved nitrate is high (>5µM). We 
propose that microbial communities adapt their iron acquisition strategies in order to remain 
competitive in these iron-scarce regions.  Producing amphiphilic siderophores may avoid the 
diffusive loss that typifies classic siderophores such as ferrioxamines. In other environments, 
such as within nutrient rich sinking particles, the stronger iron binding strength of ferrioxamines 
relative to amphiphilic siderophores (unpublished data) may favor ferrioxamine production. 
 
Other siderophores, the synechobactins, appear to be associated with benthic environments. 
Finally, masses and fragmentation patterns were determined for numerous compounds that do 
not appear in compound databases. These include iron, nickel, copper, and bromine containing 
compounds found across the surface ocean and from zooplankton grazing incubations.  Although 
the complete structural identity of these compounds is currently unknown, we have enough 
information (namely MS2 fragmentation patterns) to include them in mass spectral libraries. 
Thus, it will be possible to identify the same compounds in other regions of the ocean or in 
cultures (as was the case for the unknown siderophore with m/z 709, found during both the 
GEOTRACES and IRNBRU cruises). As these libraries continue to grow, it is likely that the 
parent organisms and biosynthetic pathways for these unknown compounds will be discovered, 
enabling us to link them to specific biological processes. Moving forward, the compilation of 
these libraries will be important as more measurements are made across multiple laboratories. 
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7.2 Next steps 
 
One of the immediate next steps will be to study the impact of siderophores identified from the 
marine environment on iron bioavailability.  One approach is to identify the genes involved in 
the uptake of these siderophores in the marine environment and look for them in the 
environment, as was done in Chapter 4 for amphibactin biosynthesis.  Proteomic approaches may 
be able to identify the transporters involved in amphibactin uptake by determining which genes 
are co-regulated with amphibactin biosynthesis as the bacteria is grown under different iron 
conditions. By confidently identifying genes involved in siderophore processing in the lab and 
then looking for homologous sequences in ocean metagenomic data, it will be possible to target 
environmentally relevant gene sequences.  Single cell genomes may also allow us to connect 
these genes to specific organisms. Another approach is to perform tracer uptake experiments 
with siderophores bound to radioisotopes of iron. These compounds can be added to natural 
seawater and the cells that take the compounds up can be sorted by flow cytometry and detected 
by scintillation counting or they can be labeled with fluorescent tags and detected by 
autoradiography.  
 
Another major challenge will be to expand the analytical window of LCMS based methods by 
altering the extraction procedures used to isolate the organic matter. Acidification of samples 
prior to extraction is likely to isolate a larger fraction of dissolved organic compounds, 
potentially including polar siderophores. In addition, elution methods with more nonpolar 
solvents or solvents at acidic or basic pH may release more iron/ligand from the extraction 
column than a simple methanol or acetonitrile elution. In both cases, new chromatographic 
conditions may be required to optimize the separation of these fractions. This work should begin 
with developing procedures for extracting model compounds of interest from seawater (e.g. 
enterobactin) and detecting the iron-bound form by LC-ICPMS, and then applying these new 
methods to seawater samples. 
 
Further work is also required to identify the functional groups associated with the 
chromatographically unresolved organic matter that seems to account for the majority of the 
organic iron binding capacity in seawater.  This is linked to the greater overarching challenge of 
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characterizing marine DOM more generally. One potentially promising approach for determining 
the molecular formula of DOM molecules that bind metals is the use of ultrahigh resolution 
fourier transform ion cyclotron resonance mass spectrometry with >1e6 mass resolution. These 
instruments are capable of resolving the fine isotopic structure of molecules containing Fe, C, O 
and N. Detecting the minor isotopes of these elements (e.g. 15N, 54Fe, 57Fe) will be necessary to 
confidently infer their presence in molecules within such a complex mixture.  Coupling this 
method with isotopic exchange of 54Fe or 57Fe for the naturally occurring Fe may be a valuable 
approach for increasing confidence that the Fe containing masses identified by naturally 
occurring isotopic patterns are genuine. 
 
Another future goal will be to reduce the scale of chromatography used for LC-ICPMS-ESIMS. 
Currently, only 25% of the injected sample is directed to the LC-ICPMS, since flow rates above 
50µL/min of organic solvent increases the risk of extinguishing the plasma. Lower (microliter) 
flow rates through long capillary columns coupled with a total consumption nebulizer will 
increase the amount of sample that makes it into the plasma, boosting sensitivity and reducing 
sample requirements.  Although quantitation may be negatively impacted by these low flow 
methods due to decreased nebulization stability prior to ICPMS analysis, longer columns may 
improve chromatographic separation, making it easier to identify each compound.  Furthermore, 
the increased sensitivity will substantially decrease sample volume requirements. This has been a 
major limitation of the existing method, which involves the preconcentration of large volumes of 
trace metal clean seawater.  Reducing the required volume to several liters will open new 
opportunities to sample high-resolution depth profiles using standard trace metal clean rosettes. 
This will enable detailed spatial mapping of siderophores and other iron binding metabolites 
across oceanographic sections and provide better constraints on the sources and sinks of these 
metabolites.  
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